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STUDYING  THE  PHYSICS  AND  OPERATION  OF  NULTI -TERMINAL  NEAR-MICRON 
AND  SUB-MICRON  LENGTH,  HOT  ELECTRON  SEMICONDUCTOR  DEVICES 


ABSTRACT 


This  document  summarizes  work  sponsored  by  the  Office  of  Naval  Research  under 
contract  N00014-81-C-0452 .  The  study  encompasses  a  broad  examination  of 
transport  in  submicron  and  near-micron  semiconductor  devices  through 
implementation  of  the  moments  of  the  Boltzmann  transport  equation  and  the 
semiconductor  drift  and  diffusion  equation.  The  study  utilized  advanced 
algorithms  developed  at  Scientific  Research  Associates,  and  recommends 
development  of  a  network  of  user  based  algorithms  for  closely  combined 
theoretical/experimental  interactions . 


I.  INTRODUCTION 


During  Che  past  decade  chere  has  been  a  remarkable  resurgence  of  interest  in 
the  physics  of  nonlinear  semiconductor  devices  and  transport.  The 
technological  reason  for  this  interest  has  been  the  rapidly  moving  VLSI  and 
VHSIC  programs.  These  programs  have  been  geared  primarily  to  the  development 
of  conventionally  conceived  devices  fabricated  on  a  submicron  scale,  and  have 
provided  the  primary  motivation  for  most  submicron  programs.  While  the  VLSI 
and  VHSIC  developments  have  provided  new  military  and  commercial  gains,  it  was 
clear  from  the  outset  that  potential  accomplishments  in  this  program  would  be 
limited  by  weaknesses  in  the  understanding  of  semiconductor  device  physics, 
and  by  design  rules  based  upon  the  mobility  concept,  where  the  carriers 
responded  instantaneously  to  changes  in  the  electric  field.  The  scientific 
reason  for  the  interest  in  the  physics  of  nonlinear  transport  has  been  the 
increasing  availability  of  new  numerical,  analytical  and  experimental  tools, 
enabling  a  careful  reexamination  of  the  assumptions  underlying  semiconductor 
device  operation. 

During  the  tenure  of  this  contract,  workers  at  Scientific  Research  Associates, 
Inc.  of  Glastonbury,  Connecticut  (SRA)  undertook  the  development  of 
state-of-the-art  algorithms  to  enable  a  suitable  description  of  transport  in 
micron  length,  submicron  length  and  ultrasubmicron  length  semiconductor 
devices.  The  study  involved  development  of  the  drift  and  diffusion  equations 
for  application  to  heterostructure  transport,  the  development  of  the  moments 
of  the  Boltzmann  transport  equation  for  application  to  near  and  submicron 
transport  incorporating  heterostructure  contributions,  the  initiation  of 
quantum  transport  algorithms  for  examining  transport  in  angstrom  scale  devices . 

Numerous  papers  were  written  and  lectures  given.  The  resulting  programs  were 
used  in  other  government  programs  within  the  Navy,  such  as  the  Naval  Research 
Laboratories,  and  within  other  government  agencies  such  as:  (1)  the  Array 
Research  Office,  (2)  the  Air  Force  Office  of  Scientific  Research,  (3)  Air 
Force  Wright  Aeronautical  Laboratories  /  Avionics  Laboratory,  (4)  Defense 
Advanced  Research  Project  Agency,  (5)  Defense  Nuclear  Agency,  (6)  U.S.  Army, 
Electronics  Technology  and  Devices  Laboratory,  (7)  NASA  /  Goddard.  In  many 
cases  comparisons  were  made  to  experiment  to  provide  verification  of  the 
results.  This  document  summarizes  some  of  the  findings  of  the  study. 

However,  before  we  proceed  with  a  summary  of  the  results,  it  is  perhaps  useful 
to  discuss  several  specific  issues  associated  with  numerical  simulation. 

It  is  a  widely  accepted  view,  that  interpretation  of  experiments  and  the 
design  of  new  devices  benefits  from  a  deep  understanding  of  the  manner  in 
which  these  devices  operate.  In  the  absence  of  any  understanding,  or  with 
only  marginal  descriptions  of  phenomena,  workers  will  proceed  to  design 
devices  and  develop  experiments  based  upon  intuitive  notions  of  the  results  to 
be  expected.  These  procedures  have  in  the  past  been  augmented  by  judicious 
use  of  numerical  simulations,  and  there  is  increasing  interest  in  enhanced  use 
of  numerical  methods  to  deepen  intuition.  Unfortunately,  there  is  a  major 
bottleneck  to  efficient  use  of  numerical  methods.  Presently,  there  are  only  a 
handful  of  centers  developing  state-of-the-art  algorithms  for  application  to 
submicron  and  ultrasubmicron  devices.  These  algorithms  are  primarily  research 


algorithms,  and  are  not  generally  accessible  to  large  defense  contractors,  or 
to  universities.  Indeed,  because  of  the  research  nature  of  the  present 
contract  much  of  the  algorithm  work  undertaken  during  the  course  of  the  study 
was  not  developed  with  the  idea  of  broad  dissemination.  In  other  words, 
experts  are  required  to  use  these  research  codes.  This  is  a  weakness  that 
must  be  overcome,  if  numerical  procedures  are  to  have  the  major  role  that  they 
are  capable  of  developing.  One  recommendation  of  the  study,  based  upon  the 
needs  of  workers  in  the  field,  is  that  procedures  be  established  for  an 
orderly  transition  of  'research-based'  algorithms  to  'user-based'  algorithms, 
and  that  these  algorithms  be  made  available  to  universities  for  the  training 
of  young  scientists  and  engineers,  and  to  industry  for  use  in  engineering 
lines . 


II.  INADEQUACY  OF  THE  MOBILITY  CONCEPT 

The  inadequacy  of  the  mobility  concept  for  submicron  length  high  speed  devices 
was  raised  implicitly  by  Butcher  and  Hearn  in  1968  and  Rees  in  1969,  and  by 
Ruch  in  1972.  Indeed  Ruch's  paper  was  a  watershed  for  device  transport 
studies  insofar  as  it  focused  attention  on  accelerative  effects  of  transport, 
and  demonstrated  that  the  response  of  carriers  to  a  sudden  change  in  electric 
field  was  considerably  different  from  that  associated  with  the  mobility 
models.  In  fact,  theoretical  values  of  peak  electron  velocities  nearly  four 
times  that  of  the  steady  state  electron  velocities  of  GaAs  were  predicted. 
These  values  emerged  from  transient  calculations,  and  workers  soon  began  to 
predict  that  electrons  would  be  able  to  travel  significant  distances  without 
collisions,  i.e.,  ballistically .  Experiments  were  reported  to  have  measured 
velocity  overshoot,  as  the  excess  velocity  was  named,  and  measurements  of 
ballistic  transport  were  purported  to  have  been  obtained.  Where  do  we  now 
stand  with  respect  to  the  transient  phenomena  first  reported  by  Ruch? 

It  is  currently  accepted  by  most  workers  involved  in  submicron  device 
transport  that  velocity  overshoot  exists  in  all  devices  currently  being 
designed.  But  apart  from  shrinking  device  scales,  e.g.,  gate  length  and 
source  to  drain  separation,  and  recognizing  that  very  tiny  devices  are  likely 
to  lead  to  degradation  in  specific  device  parameters  such  as  forward 
conductance,  there  is  very  little  device  design  that  has  been  scheduled  for 
military  or  commercial  use  that  incorporates  key  nonequilibrium  transport 
phenomena.  There  have  been  many  attempts  including  repeated  overshoot 
structures,  ballistically  launched  field  effect  transistors,  the  hot  electron 
transistor,  the  THETA  device,  etc.  These  attempts  will  continue,  but  the 
devices  that  will  likely  have  the  most  success  in  incorporating  nonequilibrium 
phenomena  into  their  design  are  those  that  pay  considerable  respect  to  one  key 
effect  absent  from  the  early  transient  calculations  -  the  influence  of  space 
charge.  The  influence  of  space  charge  should  be  apparent,  because  it  is 
current  that  is  measured  in  most  of  the  structures  of  interest;  and  current  - 
dQ/dt  -qnv.  Thus  the  product  of  carrier  density  and  velocity  enter,  and  the 
carrier  density  in  nowhere  uniform.  Current  studies  of  the  hot  electron 
transistor  and  of  the  THETA  device,  include  examining  the  role  of  space  charge 
on  device  operation,  but  here  caution  is  in  order.  Information  on  operation 
of  the  device  is  extracted  from  spectral  measurements,  and  the  connection  to 
space  charge  is  not  clear.  What  is  needed,  as  an  adjunct  to  all  of  these 
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experiments  is  an  adjacent  user-based  algorithm  that  can  address  'what  if' 
questions.  These  'what  if'  questions  form  one  basis  for  an  emergent  field  we 
have  called  the  numerical  physics  of  semiconductor  devices. 

The  numerical  physics  of  semiconductor  devices  serves  to  determine  the 
temporal  and  spatial  transient  dependence  of  submicron  and  ultrasubmicron 
length  semiconductor  devices  and  to  account  for  the  environment  surrounding 
the  device.  Under  the  present  study  the  temporal  and  spatial  transients  have 
been  obtained  primarily  through  implementation  of  the  moments  of  the  Boltzmann 
transport  equation.  More  recently  Monte  Carlo  procedures  have  been 
implemented,  as  have  algorithms  for  examining  quantum  transport  in 
ultrasubmicron  devices.  In  the  discussion  below,  nonequilibrium  transport 
means  solutions  to  the  moments  of  the  Boltzmann  transport  equation. 

Equilibrium  solutions  mean  solution  to  the  drift  and  diffusion  equations. 

A  variety  of  key  results  have  emerged  as  a  result  of  these  studies: 

In  two  terminal  devices,  current  transients  are  not  necessarily  dominated 
by  velocity  overshoot- -displacement  current  effects  can  yield  transients 
on  the  same  time  scale  as  velocity  transients. 

In  high  mobility  submicron  devices,  transport  is  dominated  by  gamma 
valley  carriers.  High  speed  devices  require  high  mobility  materials. 

Equilibrium  saturated  drift  velocity  is  not  a  figure  of  merit  for 
submicron  devices . 

.  Two  terminal  submicron  devices  do  not  sustain  negative  conductance 
associated  with  electron  transfer  to  low  mobility  bands. 

Nonequilibrium  transport  in  two  terminal  devices  leads  to  current  drives 
significantly  above  that  associated  with  equilibrium  calculations. 

Three  terminal  nonequilibrium  calculations  demonstrate  the  presence  of 
current  levels  that  are  of  the  order  of  three  times  that  associated  with 
steady  state  values.  Space  charge  calculations  are  sometimes 
qualitatively  similar  to  that  obtained  from  equilibrium  calculations, 
often  they  are  different. 

Three  terminal  nonequilibrium  calculations  in  the  absence  of  substrate, 
as  in  the  permeable  base  transistor,  show  the  presence  of  an  electron 
transfer  induced  negative  conductance,  as  seen  experimentally.  Three 
terminal  equilibrium  calculations  do  not  show  the  negative  conductance. 

In  addition  to  the  above  results,  the  following  were  introduced. 

Nonequilibriura  and  equilibrium  algorithms  were  modified  to  include  the 
presence  of  heterostructure  interfaces.  The  algorithms  have  been 
implemented. 

Algorithms  were  developed  and  implemented  for  solving  the  single  particle 
time  dependent  Schrodinger  equation.  The  equation  was  solved 
simultaneously  with  Poisson's  equation,  for  tunneling  devices. 
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Moments  of  the  Wigner  function  and  of  the  density  matrix  were  formulated 
for  performing  time  dependent  transient  calculations.  Algorithms  for  the 
density  matrix  equation  were  developed  during  the  succeeding  contract. 


III.  THE  EQUATIONS  USED  IN  THE  STUDY 


The  specific  moment  equations  (obtained  by  multiplying  the  Boltzmann  transport 
equation  by  an  arbitary  function,  Q(k,r),  and  intergrating  over  momentum 
space)  used  in  the  study  have  been  discussed  in  a  variety  of  publications. 
Their  most  complete  forms  are  discussed  below. 

For  nonequilibrium  transport,  the  assumption  is  made  of  a  displaced 
Maxwellian,  with  parabolic,  spatially  dependent  energy  bands: 
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Additionally,  the  following  normalization, 

-  72^  f £dSk 

•*311  k  space 

along  with  the  definition,  is  invoked 
n<Q(r,t)>  -  — yj 

where  the  position  dependence  in  <Q>  is  symbolic  through  Q(k,r)  and  f. 

The  first  moment  equation  is  obtained  for  Q-l,  and  is  the  continuity  equation: 
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The  right  hand  side  in  equation 
displaced  Maxwellian,  <k>  -  kd. 
Then: 


(4)  represents  carrier  scattering.  Note  for  a 
The  second  moment  is  obtained  for  Q-  h k. 
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where  we  have  included  Che  presence  of  a  magnetic  field.  Gradients  in  Ec 
reflect  the  position  dependent  conduction  band,  gradients  in  effective  mass 
reflect  the  position  dependent  effective  mass.  In  the  above  equation. 
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It  is  worthwhile  noting,  that  by  setting  the  left  side  of  equation  (5)  to 
zero,  writing. 
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and  recognizing  that  current  density: 


J  -  qn/jkd/m 
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where 
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we  obtain  current  in  the  standard  drift  and  diffusion  formulation.  A  similar 
expression  exists  for  hole  transport,  and  will  not  be  written  down.  The  next 
moment  is  the  energy  moment  and  is  obtained  by  considering,  Q  -  ft2k*k/2m 
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In  addition,  to  account  for  non-spherical  contributions,  a  term  proportional 
to  the  gradient  of  electron  velocity  is  added  to  the  right  hand  side  of  the 
above  equation  (5),  and  a  term  proportional  to  the  gradient  of  electron 
temperature  is  added  to  the  right  hand  side  of  equation  (10).  These  terms  are: 
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for  momentum  balance,  and  where  17  is  an  assigned  constant 


-  k  grad  T 


(12) 


for  energy  balance,  where  k  is  an  assigned  constant 

The  carrier  balance,  momentum  balance,  and  energy  balance  equations  have  been 
implemented  for  nonuniform  field  situations  for  two  species  of  carriers.  For 
uniform  fields  they  have  been  implemented  for  five  species  of  carriers.  In 
addition  the  moment  balance  equations  have  been  restructured  for  nonparabolic 
bands.  The  nonparabolic  formulation  is  being  prepared  for  publication.  Some 
details  of  these  results  are  discussed  in  the  sections  to  follow. 

The  moment  equations  for  nonparabolic  spherical  energy  bands,  where: 
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take  the  following  form: 

For  carrier  balance,  as  before: 
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which,  in  the  limit  of  infinite  band  gap  separation,  i.e.,  a-«,  reduces  to 
the  gamma  function  f(k+l/2) .  Here  a  -  Eg/kT 


For  momentum  balance: 
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where  the  dyadic  C  is  defined  implicitly  as 
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For  energy  balance : 
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The  above  equations  constitute  the  most  general  form  of  the  moment  balance 
equations  for  nonparabolic  bands. 

The  moment  balance  equations  constitute  the  core  of  much  of  the  work  that  was 
undertaken  during  the  tenure  of  this  contract,  and  the  results  are  discussed 
within  the  context  of  reprints,  which  are  included  as  part  of  this  document. 

Reprints  1  and  2  were  among  the  first  papers  to  address  the  problem  of  why 
submicron  devices  do  not  show  the  apparent  benefits  of  the  uniform  field 
predictions  of  velocity  overshoot.  In  examining  these  problems  we  modeled  two 
spatially  nonuniform  devices,  one  0.5  urn  long,  and  a  second  1.0  urn  long.  We 
demonstrate  that  overshoot,  while  present  in  these  devices,  provided  only 
marginal  improvements  because  of  slowly  varying  electric  fields. 

Reprint  3  addressed  the  continuing  issue  of  the  presence  of  ballistic 
transport  in  devices,  and  introduced  the  concept  of  the  thermal  deBroglie 
wavelength  and  its  implications  for  submicron  device  physics. 

Reprint  4  is  a  broad  discussion  of  the  consequences  of  the  intracollisional 
field  effect. 

In  reprint  5,  the  uniform  field  momentum  and  energy  balance  equations  are 
solved  in  the  small  signal  limit.  The  noise  properties  of  devices  under  hot 
electron  conditions  are  examined  by  coupling  the  Langevin  noise  equation  to 
the  small  signal  results.  Numerical  calculations  were  performed  for  silicon 
and  show  the  presence  of  significant  contributions  due  to  the  intracollisional 
field  effect. 


In  reprint  6  the  extent  of  ballistic  transport  is  discussed  on  the  basis  of 
electron  correlation.  The  conclusion  of  the  study  is  that  the  tine  duration 
over  which  the  electron  velocity  rises  in  a  ballistic  manner  is  exceedingly 
short,  perhaps  only  0.004  picoseconds,  even  though  the  mean  free  time  is  much 
longer.  The  implication  is  that  ballistic  transport  may  occur  only  on  a  tens 
of  angstrom  spatial  scale.  (It  is  worthwhile  noting  that  recent  resonant 
tunneling  discussions  are  even  questioning  this  conclusion.) 

Reprint  7  is  another  review  paper  on  transport  in  submicron  devices  and  was 
presented  at  the  first  NRL  Workshop  on  Molecular  Electronics. 

Reprint  8  is  a  comprehensive  review  of  the  state  of  numerical  calculations  in 
1981,  and  incorporates  a  discussion  of  the  drift  and  diffusion  equations,  the 
moments  of  the  Boltzmann  transport  equation,  Monte  Carlo  methods,  and  an 
introduction  to  quantum  transport  through  the  Wigner  function.  The  study 
assesses  the  physics  of  submicron  transport,  with  particular  emphasis  on 
vewlocity  overshoot. 

Reprint  9  contains  a  discussion  of  the  role  of  boundary  conditions  to 
transport  in  submicron  devices,  as  well  as  calculations  showing  the  dependence 
of  scattering  on  applied  field.  Again  the  issue  of  ballistic  transport  is 
raised  and  shown  that  for  applied  fields  of  50kv/cm,  only  about  35%  of  the 
carriers  are  unscattered  at  a  distance  of  500  angstroms.  The  concept  of 
introducing  a  launching  site  to  improve  field  effect  transistor  performance  is 
raised  for  the  first  time.  It  should  be  noted,  that  unlike  most  approaches 
suggesting  the  presence  of  a  ballistic  launcher,  this  study  suggests  that  the 
launch  site  be  design  for  moderate  fields  only.  (Recent  calculations  in  a  1987 
Army  contract  support  the  notion  that  strong  fields  associated  with  abrupt 
heterojunction  launchers  are  inappropriate  for  high  current  levels;  rather, 
moderate  fields  are  desired.)  In  addition,  scaling,  based  upon  the  concepts 
of  Thornber,  as  applied  to  submicron  devices  is  introduced  in  this  paper. 

Reprint  10.  The  role  of  the  environment,  in  terms  of  coupled  submicron 
structures  is  discussed  in  this  paper.  In  addition  an  array  of  submicron 
devices  in  a  lateral  superlattice,  and  transport  through  a  lateral 
superlattice  using  Wigner  functions  and  Monte  Carlo  techniques  are  introduced. 

In  reprint  11  the  effects  of  boundary  scattering  in  submicron  structures  are 
investigated  within  the  framework  of  balance  equations  arising  from  the 
Boltzmann  transport  equation.  Integrated  equations  are  presented  in  which 
surface  dissipation  can  be  inserted.  It  is  shown  that  surface  scattering 
strongly  perturbs  and  distorts  the  distribution  function  with  corresponding 
effects  on  transport  processes. 

Reprint  12  discusses  the  role  of  boundaries  and  interfaces  on  the  electrical 
characteristics  of  long  (greater  than  10  micron)  and  submicron  scale 
semiconductor  devices.  Here  the  inadequacy  of  using  current-voltage  dc 
measurements,  in  elucidating  the  role  of  the  boundaries  is  discussed. 
Additionally,  the  role  of  boundaries  on  the  noise  characteristics  of 
semiconductor  devices  is  discussed.  It  is  demonstrated  that  considerable 


Information  concerning  the  nature  of  the  nonuniform  field  profiles  in  the 
device  can  be  obtained  from  noise  measurements. 

Reprint  13  includes  an  initial  assessment  of  the  role  of  experiment  in 
measuring  velocity  overshoot.  A  significant  number  of  questions  are 
addressed,  particularly  with  respect  to  Shanks  experiments.  The  questions  are 
again  raised  in  reprint  14  where  a  transient  calculation  through  solutions  to 
the  moments  of  the  Boltzmann  transport  equation  for  nonuniform  fields  is 
performed.  It  is  demonstrated  that  displacement  current  effects  may  be  of  the 
same  order  of  magnitude  as  velocity  overshoot  effects,  and  that  the  time 
scales  for  both  are  similar.  The  results  tend  to  add  further  caution  to 
claims  of  measurements  of  velocity  overshoot. 

A  detailed  study  of  the  role  of  field  nonuniformities  and  boundaries  was 
reviewed  and  constitutes  part  of  a  long  paper,  enclosed  as  reprint  15. 

The  moments  of  the  Boltzmann  transport  equation  were  applied  to  scaling 
procedures.  The  focus  of  attention  was  the  discussion  of  mobility  versus 
saturated  drift  velocity  as  the  figure  of  merit  for  semiconductor  devices.  The 
results  of  the  study  demonstrated  that  high  mobility  is  the  key  factor  in 
submicron  devices,  whereas  saturated  drift  velocity  is  the  key  figure  of  merit 
in  long  near  micron  devices.  This  study  is  summarized  in  reprint  16. 

In  reprint  17  a  study  of  InP  transferred  electron  devices  was  performed  with 
particular  emphasis  on  the  role  of  boundaries. 

A  broad  review  of  transport  and  concepts  of  transport  in  semiconductor  devices 
was  presented  at  a  NATO  Summer  School.  This  review  is  included  as  reprint  18. 

More  recent  efforts  are  summarized  below. 


IV.  SUMMARY  OF  RECENT  RESEARCH  RESULTS 

HETEROSTRUCTURE  TRANSPORT  WITHIN  THE  FRAMEWORK  OF  A  ONE  DIMENSIONAL  ANALYSIS 

It  is  known  that  transport  is  governed  by  the  properties  of  the  boundaries, 
and  that  uncertainties  in  fabrication  processes  lead  to  vagaries  in  the 
electrical  properties  of  these  boundaries.  One  significant  goal  in  the  design 
of  micron  and  submicron  devices  is  to  remove  the  active  region  of  the  device 
from  such  physical  boundaries  as  the  cathode  (source)  and  anode  (drain) 
contacts  and  to  replace  the  often  uncontrollable  influence  of  thse  boundaries 
by  a  controllable  heterostructure  interface.  To  initiate  this  study  the 
semiconductor  drift  and  diffusion  equations  were  solved  in  one  dimenison  for 
the  aluminum-gallium  arsenide/galliura  arsenide  system.  Transport  in  the  study 
was  normal  to  the  interface. 

The  structure  chosen  for  the  study  was  a  five  micron  long  element,  with  a 
heavily  doped  n-type  (N-1.0xl0l8/cm3)  AlGaAs  region,  0.5  microns  long, 
followed  downstream  by  a  4.5  micron  GaAs  region  (N-5 . OxlO1 6 /cm3 ) .  The 


electrical  characteristics  of  this  device  were  studied  as  a  function  of  bias, 
with  the  following  results:  The  presence  of  the  heavily  doped  AlGaAs  resulted 
in  charge  injection  at  the  heterostructure  interface,  as  also  expected  from  a 
heavily  doped  homojunction  interface.  The  presence  of  the  heterostructure 
reults  in  a  certain  amount  of  carrier  confinement,  although  it  is  not  at  all 
clear  that  this  confinement  is  significant  with  respect  ot  device  operation. 

At  low  values  of  bias  the  field  downstream  from  the  interface  is  uniform  and 
the  current  throughout  the  device  is  capable  of  achieving  values  associated 
with  the  peak  steady  state  values  of  the  field  dependent  velocity 
characteristics  of  gallium  arsenide.  For  bias  values  high  enough  to  send  the 
carriers  into  the  region  of  negative  differential  mobility,  there  is  a 
preciptious  drop  in  current,  followed  by  current  saturation.  Accompanying 
this  drop  in  current  is  a  one  cycle  propagating  space  charge  layer  that  comes 
to  rest  at  the  anode  boundary.  Further  increases  in  bias  results  in  the 
movement  of  the  leading  edge  of  the  space  charge  layer  upstream  toward  the 
heterostructure  boundary.  Note  that  the  device  essentially  operates  entirely 
between  two  steady  state  values  of  current  and  voltage:  a  prethreshold  high 
current  low  voltage  state,  and  a  post  threshold  low  current  high  voltage 
state.  The  switching  time  for  device  operation  is  transit  time  limited. 

Note  that  the  type  of  behavior  exhibited  above  also  has  been  predicted  by  the 
principal  investigator  using  a  simple  cathode  boundary  field  model  in  which 
the  cathode  field  achieves  values  significantly  below  the  threshold  field  for 
negative  differential  mobility.  The  result  reported  above  may  be  the  first 
theoretical  manifestation  of  the  switching  characteristics  using  a 
heterostructure  interface. 

The  above  heterostructure  study  was  expanded  to  include  the  presence  of  a 
200nm  graded  heavily  doped  region.  The  results  from  the  graded 
heterostructure  interface  were  qualitatively  similar  to  that  of  the  abrupt 
interface.  A  dramatic  change  occurred  when  the  doped  graded  region  was 
replaced  by  a  lower  doped  (ir^/N'/N)  graded  region.  At  this  point  Gunn 
dipole  layer  transit  time  oscillation  occurred.  This  result  may  represent  the 
first  simulation  of  transit  time  oscillations  in  heterostructure  devices. 

The  above  results  are  of  clear  interest  for  the  development  of  heterostructure 
devices.  And  the  design  considered  in  the  above  paragraphs  have  been 
incorporated  into  the  vertical  FET  structure  considered  by  workers  at 
Cornell.  But  an  important  word  of  caution  is  inserted  here.  Each  of  the 
effects  considered  above  involve  two  design  features,  the  heterostructure 
interface,  and  heavy  or  light  doping  of  the  spacer  layer.  Since  heavy  and 
light  doping  of  homojunction  interface  have  produced  qualitatively  similar 
results,  the  presence  of  the  heterostructure  for  this  device  configuration  may 
be  to  provide  greater  control  over  the  behavior  of  the  device,  rather  than  a 
new  operating  principle. 

Continued  study  of  the  role  of  the  heterostructure  interface  within  the 
context  of  the  above  one  dimensional  framework  is  suggested.  The  following 
tasks  are  recommended: 
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1.  The  aluminum  gallium  arseni.de/galliura  arsenide  interface  should  be  mapped 
out  with  respect  to  the  governing  boundary  condition  dependence  of  the 
device  electrical  characteristics.  Thus  the  doping  levels  of  the  AlGaAs 
and  the  adjacent  GaAs  region  are  to  be  varied,  as  well  as  the  length  of 
the  graded  region. 

2.  The  effects  of  introducing  an  embedded  p-layer  on  device  operation  should 
be  considered. 

3.  Other  heterostructure  combinations  should  be  considered,  such  as  the 
InGaAs/GaAs  system,  and  the  InGaP/GaAs  system. 

4.  The  role  of  nonequilibrium  transport  through  solutions  to  the  moments  of 
the  Boltzmann  transport  equatin  and  consequent  velocity  overshoot  effect 
is  being  studied  and  should  be  continued.  Implementation  of  solutions  to 
the  moment  equations  is  a  nontrivial  matter.  As  discussed  earlier 
several  features  enter  prominantly.  First,  the  effective  mass  is 
position  dependent.  Second,  scattering  rates  are  position  dependent. 
Third,  the  effective  fields  at  the  heterostructure  interface  require 
generalization.  In  the  case  of  the  drift  and  diffusion  equation 
formulation,  the  effective  fields  were  obtained  solely  from  band  gap 
discontinuities  associated  with  minima  in  the  T  valley  portion  of  the 
conduction  band.  In  multiple  valley  transport,  conduction  band, 
discontinuities  associated  with  the  L  must  also  be  considered.  Recent 
conversations  with  Professor  Karl  Hess  of  the  University  of  Illinois 
suggest  that  the  band  offset  rule  used  for  the  T  valley  may  find  equal 
application  for  the  L  valley.  Fourth,  present  studies  of  heterostructure 
transport  using  the  drift  and  diffusion  equations  treat,  e.g.,  the  AlGaAs 
region  and  the  GaAs  region  separately.  Connection  between  the  two  is 
through  the  heterostructure  fields,  conductive  and  diffusive  transport. 

No  mechanism  is  introduced  for  the  effects  of  scattering  from  one 
material  to  the  second.  Effects  due  to  real  space  transfer  should  be 
investigated.  This  involves  introducing  scattering  rates  from  one 
material  to  the  second. 

HETEROSTRUCTURE  TRANSPORT  WITHIN  THE  FRAMEWORK  OF  A  TWO  DIMENSIONAL  ANALYSIS 

Multi -terminal  heterostructure  devices  such  as,  the  HEMT,  and  superlattice 
variations  of  the  HEMT  are  being  studied  in  a  number  of  laboratories  and 
universities.  HEMT  studies  performed  at  SRA  involving  solutions  to  the 
semiconductor  drift  and  diffusion  equations  were  reported  at  the  1985 
WOCSEMMAD.  These  results  displayed  an  unusually  high  level  of  injection  into 
the  semi -insulating  GaAs.  Accompanying  this  injection  was  a  relatively  high 
current  density  and  a  broad  two  dimensional  electron  gas.  The  results  did  not 
conform  to  the  anticipated  narrowly  confined  two  dimensional  space  charge 
layer  and  caused  further  investigation  of  the  assumptions.  For  the  most  part, 
HEMT  analysis  generally  proceeds  either  analytically  or  through  solution  to 
the  drift  and  diffusion  equations  in  which  the  Einstein  relationship  is  used 
for  the  carrier  diffusivity.  It  is  known  that  Einstein  relationship  is 
inadequate  for  hot  carrier  transport  and  that  modifications  are  needed.  At 
SRA,  a  field  dependent  diffusivity  as  obtained  through  solutions  to  the 
moments  of  the  Boltzmann  transport  equation  is  used  in  the  analysis.  The 
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shape  of  Che  field  dependent  diffusivicy  has  been  corroborated  by  other 
studies  such  as  Monte  Carlo.  Additionally,  there  is  experimental  evidence 
that  the  field  dependent  diffusivity  bares  little  resemblance  to  the  Einstein 
relationship.  Calculations  with  the  Einstein  relationship  show  relatively 
narrow  carrier  confinement  at  the  heterostructure  interface  as  predicted  by 
others.  Calculations  with  the  hot  carrier  diffusivity  show  a  reduced  carrier 
confinement.  It  must  be  noted  that  care  is  required  in  using  field  dependent 
diffusivities  at  zero  bias  conditions. 

The  above  discussion  concerning  carrier  confinement  arises  from  a  few  computed 
bias  points.  But  the  variations  in  these  results  also  emerged  rom  a 
comparison  of  calculations  with  the  heterostructure  bipolar  transistors  and 
the  PBT.  In  all  cases,  there  was  a  range  of  bias  levels  over  which  the 
assumptions  associated  with  the  diffusivity  played  a  critical  role  in 
determining  the  physics  of  device  operation  and  the  electrical  perfomrance  of 
the  device. 

At  this  point,  there  are  several  issues  of  interest.  First,  it  is  necessary 
to  map-out  the  effects  of  diffusion  in  determining  the  picture  of  device 
operation.  Insofar  as  diffusive  effects  appear  explicitly  in  the  drift  and 
diffusion  equations,  additional  calcualtions  within  its  context  should  be 
performed.  Second,  the  role  of  carrier  confinement  must  be  explored  within 
the  framework  of  the  Boltzmann  transport  equation  where  diffusive  effects 
arise  primarily  through  gradients  in  the  electron  temperature.  This  study 
should  provide  a  good  measure  of  the  role  of  diffusion. 

The  effect  of  diffusivity  and  high  field  transport  on  HEMTs,  HBTs ,  and  PBTs 
were  presented  in  a  paper  given  at  the  1986  WOCSEMMAD: 

The  effects  of  Different  Diffusivity  Relationships  on  Transport  in  HEMTs, 

HBTs,  and  PBTs.  M.  Meyyappan,  J.  P.  Kreskovsky,  and  H.  L.  Grubin,  1986 

WOCSEMMAD. 


HIGH  FIELD  TRANSPORT  WITHIN  THE  FRAMEWORK  OF  THE  MOMENTS 
OF  THE  BOLTZMANN  TRANSPORT  EQUATION  AND  MONTE  CARLO 


SRA  has  devoted  a  considerable  amount  of  time  and  effort  to  the  development  of 
transport  codes  that  solve  both  the  semiconductor  drift  and  diffusion 
equations  and  the  moments  of  the  Boltzmann  transport  equation.  These 
algorithms  have  the  remarkable  advantage  of  providing  reliable,  space  charge 
dependent  transport  device  physics.  Calculations  were  devoted  to  providing  a 
basic  understanding  of  the  role  of  boundary  conditions  and  material  parameters 
on  transport  in  GaAs  one  and  two  terminal  devices.  In  particular,  the  first 
realistic  estimate  of  Gunn  domain  transient  and  upper  frequency  limits, 
including  space  charge,  were  investigated.  Frequencies  in  excess  of  120GHz 
are  possible.  Additionally,  two  dimensional  FET  calculations  were  performed. 
The  structure  of  the  device  is  shown  in  figures  1  and  2,  along  with  a  plot  of 
the  current  voltage  characteristic  at  the  indicated  voltage  levels.  These 
calculations  demonstrate  the  presence  of  overshoot.  Also  included  in  this 
study  was  the  effect  of  a  substrate.  The  substrate  was  modelled  by  ignoring 
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any  scaCCering  due  to  ionized  or  neutral  impurities.  As  a  result,  the 
presence  of  the  subtrate  has  the  effect  of  introducing  an  apparent  increase  in 
total  current  because  of  a  reduction  in  resistance.  One  of  the  interesting 
results  is  the  presence  of  negative  conductance  in  the  source  drain 
characteristics  of  a  GaAs  FET.  Results  obtained  using  the  drift  and  diffusion 
equations  which  is  currently  the  methodology  performed  by  other  researchers  in 
the  field,  show  no  such  negative  conductance.  The  results  are  interesting 
because  studies  at  SRA  on  an  Air  Force  PBT  contract,  using  the  drift  and 
diffusion  equations,  show  considerable  positive  conductance  in  the  source 
drain  characteristics.  This  positive  conductance  is  absent  from  experiment 
and  suggests  that  when  the  MBTE  is  incorporated  this  positive  conductance  may 
be  absent  from  the  PBT  calculations. 


NONPARABOLIC  EFFECTS  IN  SUBMICRON  HIGH  FREQUENCY  TRANSPORT 

Under  a  companion  study  sponsored  by  ARO,  the  moments  of  the  Boltzmann 
transport  equation  were  generalized  to  include  nonparabolic  contributions. 
Studies  under  the  ARO  contract  were  confined  to  the  binary  compounds  AlAs  and 
InAs,  and  the  ternary  compounds  AlGaAs  and  InGaAs.  The  effects  of  nonpara¬ 
bolic  transport  on  GaAs  were  examined  under  the  ONR  study.  There  were  several 
highly  significant  results  emerging  from  the  GaAs  study  which  have  not 
appeared  in  any  other  publication  concerning  transport  in  GaAs.  We  remark,  at 
the  outset,  that  the  standard  low  field  mobility  reductions  associated  with 
nonparabolic  effects  were  corroborated  in  this  study.  The  new  results  are 
summarized  below. 

1.  Initially,  the  steady  state  calculations  were  performed  for  parabolic 
bands.  This  formed  a  basis  for  comparison.  Then  the  nonparabolic 
effects  were  introduced.  There  were  alterations  in  the  scattering  rates 
and  alterations  in  the  way  the  velocity  was  related  to  the  momentum. 

Under  the  assumption  that  all  coupling  constants  were  the  same  for  both 
parabolic  and  nonparabolic  bands ,  it  was  determined  that  the  effect  of 
nonparabolicity  was  to  delay  the  onset  of  electron  transfer.  The 
consequence  of  this  was  to  increase  the  values  of  the  nonparabolic 
electron  velocity  over  the  parabolic  electron  velocity,  within  the  region 
of  negative  differential  mobility.  Very  similar  consequences  associated 
with  nonparabolicity  were  reported  by  Arden  Sher  at  the  DARPA  Review.  It 
is  to  be  emphasized  that  the  coupling  coefficients  for  the  calculation 
were  based  upon  parabolic  bands  and  the  nonparabolic  results  at  high 
fields  offer  significant  differences,  the  coupling  coefficients  require 
alteration.  The  message  here  is  that  great  caution  must  be  exercised 
before  one  can  be  convinced  of  agreement  between  transport  theory  and 
experiment . 

2.  The  next  item  of  interest  is  the  need  to  correct  the  insufficiency  of 
velocity  overshoot  as  the  significant  physical  measurement.  This 
insufficiency  is  not  at  all  apparent  when  one  is  considering  parabolic 
bands.  For  nonparabolic  bands,  use  of  either  Monte  Carlo  or  moment 
equations  is  predicted  on  determining  changes  in  the  carrier  momentum, 
not  the  carrier  velocity.  Thus,  all  overshoot  calculations  involve 
momentum  overshoot,  not  velocity  overshoot.  This  is  a  nontrivial 
matter.  For  example,  under  uniform 


fields  conditions,  with  the  exception  of  the  scattering  rates,  the  tine 
rate  of  change  of  carrier  density  and  momentum  are  the  same  for  both 
parabolic  and  nonparabolic  bands.  However,  the  time  rate  of  change  of 
the  electron  temperature  is  different  for  nonparabolic  bands  and  has  the 
effect  of  altering  the  time  to  relaxation.  Further,  for  time  dependent 
transport,  the  observable  is  the  current  density  rather  than  the  momentum 
density.  The  relaxation  effects  associated  with  momentum  overshoot  are 
not  linearly  related  to  the  relaxation  effects  associated  with  velocity 
and,  hence,  current  density.  Thus,  a  more  general  criteria  for  upper 
frequency  limit  of  device  operation  is  necessary. 

3.  It  is  anticipated  that  the  moments  of  the  Boltzmann  transport  equation 
algorithm  will  require  generalization  for  nonuniform  fields  and 
nonparabolic  bands. 

QUANTUM  TRANSPORT  IN  ULTRASUBMICRON  DEVICES 

In  1981  and  1982  the  Principal  Investigator  published  two  papers  concerning 
quantum  transport  in  ultrasubmicron  devices.  The  formulation  of  the  problem 
was  through  solution  to  the  moments  of  the  Wigner-Boltzmann  transport 
equation.  The  moment  equations  included  scattering  rates,  but  did  not  include 
the  contributions  of  mixed  states.  Three  equations  were  emphasized,  the 
carrier  balance  equation,  the  momentum  balance  equation,  and  the  energy 
equations  are  linearly  independent,  e.g.,  the  carrier  and  momentum  balanced 
Schrodinger ' s  equation.  Recently,  significant  advances  were  made  in  the 
quantum  transport  area. 

1.  Starting  from  the  density  matrix,  the  first  three  moments  for  an 
canonical  ensemble  of  electrons  were  rigorously  obtained.  In  this 
formulation,  which  incorporates  mixed  states  implicitly,  the  potential 
seen  by  the  carriers  is  the  full  self-consistent  potential  appearing  in 
the  one  particle  Schrodinger  equation.  The  equations  can  be  expressed  in 
a  completely  classical  framework  providing  a  direct  link  to  the  moments 
of  the  Boltzmann  transport  equation.  These  equations  can,  however,  be 
separated  into  a  part  that  is  purely  classical  in  form  and  a  part 
containing  quantum  contributions. 

2.  The  moment  equation  formulation  was  re -expressed  in  three  distinct 

representations:  the  energy  representation,  the  momentum  representation, 

and  the  coordinate  representation.  Each  simplifies  for  specific  forms  of 
the  representation  dependent  density  matrix.  In  particular,  displaced 
density  matrices  similar  in  form  to  the  deplaced  Maxwellian  were  examined. 

3.  The  density  matrix  formulation  was  generalized  to  incorporate  the  effects 
of  dissipation.  In  this  particular  formulation,  the  question  of  how  many 
balance  equations  are  required  to  obtain  an  approximate  answer  for 
transport  in  ultrasubmicron  devices  was  formulated.  This  latter 
formulation  will  be  the  one  of  choice  for  examining  quantum  transport  in 
multiple  quantum  wells.  These  equations  are  discussed  below. 


QUANTUM  TRANSPORT  FORMULATION 


For  a  single  particle  Hamiltonian  that  includes  scattering: 


H  -  +  V(x , t)  + 


‘sc 


the  following  three  moment  equations  resulted: 
carrier  balance 


dn  d 
3t  +  a^  nv 


>, 


(20) 


(21) 


momentum  balance 
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and  energy  balance 


^  [«xx  +  m2nv2j  +  2-  ^(Oxx  +  m2nv2)] 
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(23) 
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where  n  is  a  stress  tensor.  The  first  two  of  the  above  equations  were 
formulated  under  the  ONR  study  and  has  been  programed  for  tunnel  structures 
under  a  new  study. 

Results  of  initial  quantum  transport  formulations  were  presented  at  the 
Arizonia  State  University  Workshop  on  Quantum  Transport. 

Quantum  Transport  and  Moment  Equations  in  Quantum  Wells  Structures,  H.  L. 

Grubin,  1985  ASU  Workshop  on  Quantum  Transport. 

In  addition  to  the  above  studies  that  have  been  published  there  are  a  number 
of  papers  that  are  currently  under  preparation.  In  one  paper,  HEMT 
calculations  were  performed,  and  the  role  of  diffusivity  on  the  results 
explored.  This  paper  has  been  submitted  for  publication.  An  extensive 
discussion  of  the  effects  of  nonparabolicity  on  the  moment  equations  is  near 
completion.  A  study  of  the  upper  frequency  limit  for  Gunn  oscillations  using 
the  moment  equations  and  applied  to  InP  was  completed  with  additional  support 
from  the  Naval  Research  Laboratory.  This  study  is  being  prepared  for 
publication.  Additionally,  hole  transport  is  included  in  several  algorithms. 


DRAIN  CURRENT,  amps/cm 
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Figure  2.  Current-voltage  characteristics  of  a  GaAs  FET  with  and  without 
consideration  of  the  S.I.  substrate. 
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Resume  -  Sous  examinons  ici  les  phenomenes  Cransitoires  de  transport  dans 
l'arseniure  de  gallium  lorsque  les  champs  virient  dans  le  temps  et  l'espace 
avec  une  vitesse  finie.  Pour  des  variations  temporelles  et  des  champs  uni- 
formes  ;  l'on  montre  quo  le  pic  de  survitesse  est  sensible  au  temps  de  montee 
de  la  polarisation.  Pour  des  variations  dans  l'espace  la  vitesse  moyenne  des 
porteurs  est  extrtlmemenr  sensible  aux  gradients  et  quoique  l'on  puisse  obtenir 
une  survitesse,  eelle-ci  est  plus  faible  que  celle  obtenue  dans  un  champ 
uni  forme . 

Abstract  -  U'e  examine  transient  carrier  transport  in  gallium  arsenide  when  the 
fields  change  temporally  and  spatially  at  a  finite  rate.  For  temporal  changes 
and  uniform  fields  the  peak  overshoot  velocity  is  shown  to  be  sensitive  to  bias 
rise  times.  For  spatial  changes  the  mean  carrier  velocity  is  extremely  sensitive 
to  gradients,  and  while  overshoot  can  occur  it  is  also  below  the  peak  uniform 
field  value. 

Introduction  -  Among  the  earliest  papers  to  deal  with  transient  carrier  transport 

(TCT)  and  to  include  overshoot  contributions  were  those  of  Butcher  and  Hearn1  and 
i  3 

Rees*.  These  studies  were  followed  by  Ruch's  ,  whose  significance  was  highlighted 

by  Frey  and  covorkers^  in  a  long  series  of  papers.  These  calculations  established 

that  on  short  time  scales  (of  the  order  of  an  LO  phonon  intravalley  scattering  time 

for  GaAs)  the  near,  velocity  of  an  ensemble  of  carriers  could  attain  values  of 

velocity  substantially  greater  than  tiieir  steady  state  values.  These  results  have 

since  generated  a  great  deal  of  scientific  and  technological  interest.  However. 

while  experimental  data5’  are  consistent  with  the  concept  of  velocity  overshoot. 

there  are  difficulties  in  directly  linking  its  effect  to  the  operating  properties  of 

re.  r.  temperature  devices,  particularly  FF.Ts.  Although  this  absence  of  linkage  mo. 

be  partly  due  tc  limitations  of  resolution  we  think  part  of  the  problem  lies  in  toe 

unfinished  picture  of  TuT.  At  the  center  of  this  is  the  fact  that  virtually  ail 

discussions  desic-ed  to  isolate  overshoot  phenomena  are  uniform  field  calculat ior ? 


i  he  results  o 1  : 

t  ra  r  s  i  on t  ve  1  <  >.  t 
t  r  t  i  on  t  ve  i  in  ; 
ti.ore'av  1  ini  tod. 


'..  ’I'orte.i  b\  : 


ad  to  fields  that  suddenly  change  from  one  value  to  another. 
.  ul.it  i  n:  ire  useful  in  providing  upper  bounds  for  t  ic  pear, 
i,  ti,.-v  do  not  provide  a  realistic  estimate  of  the  true 
Inin  a  device.  The  theoretical  data  for  device  design  i-. 
d  we  require  more  representative  device/circuit  simulations  t 
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•ic count  foi  TCT  and  Modifications  arising  from  fields  that  change  temporarily  and 
spatially  at  a  finite  rate.  Some  spatial  studies  have  already  appeared,^  ^  but  we 
arc  sltort  of  a  consensus  as  to  a  phenomenology  of  transport  within  subMicron  devices. 
The  purpose  of  this  paper  is  to  isolate  soae  of  the  details  of  TCT  for  gallium 
arsenide  when  fields  change  at  finite  rates  and  to  suggest  the  types  of  calculations 
that  would  be  useful  for  providing  a  viable  phenoaenolngy.  The  results  sltould  be 
particularly  relevant  in  the  design  of  such  devices  as  a  suhmicron  field  effect 
transistor. 

The  vehicles  for  our  discussion  are  solutions  to  the  first  three  moments  of  the 

Boltzmann  transport  equation  (MBTE) ,  assuming  a  displaced  Maxwellian  distribution1^. 

Within  this  framework  we  attach  no  meaning  to  ballistic  transport,  since  implicit 

in  our  assumptions  are  strong  electron-electron  interactions.  Ue  examine  two  extreme 

cases:  (1)  uniform  fields,  where  all  spatial  derivatives  approach  zero(  ^0)and(2) 

the  steady  state  nonuniform  fields,  where  all  time  derivatives  are  zero  (•—  »  0). 

*  t 

For  both  cases  the  device  simulated  is  part  of  a  resistive  circuit.  The  device,  as 
represented  by  MBTE,  is  in  parallel  with  a  geometric  capacitance,  both  of  which  are 
in  series  with  a  resistor  and  a  dc  source. 

Uniform  Field  Temporal  Transients  -  For  uniform  electric  fields  a  host  of  calcuia- 
3  4  14 

tions  '  ’  have  been  performed  in  which  a  typical  electron  with  zero  mean  Initial 
velocity  responds  to  an  electric  field  of  finite  value.  We  interpret  this  calcula¬ 
tion  to  mean  that  a  collection  of  carriers  in  thermal  equilibrium  with  the  background 
lattice  is  suddenly  subjected  to  a  field  whose  value  increases  from  zero  to  a  finite 
value  in  zero  time  (or  numerically  in  one  tine  step).  The  results  of  this  calcula¬ 
tion  are  represented  in  Fig.  la,  where  they  are  taken  as  having  the  significance  of 
an  upper  bound.  The  remaining  curves  which  were  obtained  for  a  bias  turned  on  at  a 
finite  rate  show  an  expected  reduction  in  peak  velocity.  The  results  at  dF^/dT  » 
4kv/cm/30ps  (Fig.  lb)  are  near  those  expected  fron  a  calculation  in  which  the  steady 
state  field  dependent  velocity  relation  is  used. 


Fit.  1 :  Uniform  v(t)  calculations  with 
bi-s  rise  tine,  Tb ,  as  a  parameter.  The 
r. _-u-  bias  field  is  2l.5kv/cm,  For  (a) 
t"=  r.axinum  field  is  reached  in  one  time 
For  (b)  Tb=16P  ps .  (c)  T-0=lbps. 
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Tlie  point  «(  Figure  1  is  in  extrapolated  one.  A  field  changing  at  a  finite  rate 
either  tenoral  I  v  or  spatially  has  a  reduced  overshoot  contribution.  If  we  artifi¬ 
cially  introduce  a  spatial  dependence  through  the  relation  d  -  vxlO  ps.  then  for 
v  =  2  x  10?  cm/sec,  d  -  6  microns,  and  a  field  increasing  by  6kv/cm  over  this  dis¬ 
tance  the  velocity  will  not  exhibit  significant  overshoot.  Siailar  field  changes 
over  a  distance  of  0.6  microns  cause  nonequl librium  effects  to  appear  but  the  peak 
velocity  shows  only  a  JOX  increase,  much  below  that  of  curve  la.  The  results  are 
particularly  relevant  because  these  field  and  velocity  changes  are  what  we  may  expect 
over  a  major  fraction  of  a  one  micron  gate  length  FET.  More  rapid  field  changes  such 
as  that  over  a  shorter  gate  region  are  likely  to  Increase  overshoot  but  here  field 
and  carrier  temperacure  gradients  will  make  major  contributions  and  in  some  cases 
virtually  eliminate  the  effects  of  overshoot7^. 

Nonuniform  Field  Spatial  Transients  -  From  uniform  field  calculations  we  have  become 
accustomed  to  thinking  in  terms  of  velocity  versus  time  for  transient  calculations. 

In  che  absence  of  reactive  circuit  elements  this  scales  current  versus  time  which, 
in  principle,  is  experimentally  accessible.  For  subraicron  devices  in  which  spatial 
contributions  are  significant,  current  no  longer  scales  velocity.  Velocity,  while 
now  difficult  to  measure,  is  still  useful  for  phenomenology.  We  discuss  this  within 
the  bounds  of  a  one-dimensional  calculation  in  which  we  calculate  current  versus 
Cine:  j (c ) = jn(x, t)  + e  .  with 

jn(x,t)  -  e(nc(x,t)vc(x,t)  +  ns(x,t>v_ (x, t)  ) 

Through  current  continuity,  j(t)  is  spatially  Independent. 

One  dimensional  solutions  to  the  Boltzmann  transport  equation  have  appeared  in 
the  literature7  71 .  What  we  emphasize  is  the  micron  scale  space  chage  distribution 
wicr.ir  steady  state,  although  we  also  include  the  tine  evolution  to  steady  scate. 

The  0  solutions  represent  the  kind  of  information  ve  need  for  FET  and  other 

device  modeling. 


I 


Fic.  2:  Nommiform  field  current 

versus  tine  with  J  -N  ev  . 

o  -  o 
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In  examining  spatial  transients  we  become  aware  of  significant  Jiff  cremes  fro* 
that  of  the  unifora  field  calculations.  In  the  uniform  field  calculations  it  i>  the 
field  driven  steady  state  electron  temperature  that  determines  the  distribution  of 
carriers  in  the  central  and  satellite  valley.  For  nonuniform  fields  where  they  are 
strong  gradients  in  space  charge,  field,  etc.,  these  significantly  modify  the  uniform 
field  electron  temperature  dependence.  Two  distinct  sets  of  computations  illustrate 
the  above  idea.  In  these  calculations,  two  elements  were  chosen,  each  with  a  doping 
level  of  10^/cm^.  One  element  was  l'micron  long,  the  second,  0.5  microns.  For 
each,  a  doping  depression  of  0.9  x  10^/cm^  was  introduced.  For  the  1  micron  element 
it  began  at  0.1  microns  downstream  from  the  source  and  continued  another  0.2  microns. 
For  Che  O.S  micron  element  the  beginning  was  at  O.OS  microns  and  continued  for  0.1 
microns.  Each  nonlinear  element  was  in  series  with  a  resistor  and  a  dc  source.  The 
magnitude  of  the  dc  source  was  chosen  so  that,  should  the  fields  be  uniform,  the 
average  field  across  each  would  be  equal  in  value.  Figure  2  shows  current  versus 
time  for  the  elements.  These  profiles  show  a  remarkable  similarity  to  the  uniform 
velocity-time  profiles,  tending  to  camouflage  a  rich  space  charge  distribution.  The 
calculations  for  both  cases  displayed  velocity  overshoot  during  the  initial  transient 
only  part  of  which  can  be  attributed  to  the  temporal  contributions.  In  steady  state, 
the  shorter  element  exhibited  no  spatial  overshoot  while  the  longer  element  did. 

The  differences  in  these  results  are  attributed  to  quantitative  differences  in 
the  space  charge  distribution  as  illustrated  in  Figures  3  and  By  comparison,  the 
shorter  element  has  steeper  gradients  in  carrier  density,  higher  fields,  carrier 
temperature  and  enhanced  transfer  across  the  notched  region.  The  mean  velocity  (not 
shown)  is  near  saturation  even  though  the  field  across  the  notch  is  not  high  enough 
for  saturation,  as  determined  by  the  uniform  field  calculations.  The  question  of 
negative  differential  mobility  therefore  arises  and  we  examined  it  by  extracting 
contributions  from  the  derivative  of  electron  pressure,  a  tern  which  tends  to  behave 
as  a  diffusion  current,  from  the  total  current.  The  remaining  term  is  formally  the 
familiar  conduction  current  (some  contributions  remain  from  derivatives  of  the  r.ean 
kinetic  energy)  and  so  should  indicate  the  presence  or  absence  of  KDM.  With  the 

f  exception  of  extrema,  NDM  is  marginal.  Across  the  right  hand  oart  c:  the  element 

i 

|  where  the  field  changes  more  gradually,  there  were  traces  of  N?M,  but  it  was  not 

1  clear  to  what  extent  this  result  was  model  dependent .  For  corrar  iso:*.  we  refer  to  an 

i  earlier  uni: err.  field  study  where  ve  concluded  t hat  transfer  across  a  0.1  micro'*. 

»  region  would  r.c:  likely  yield 

'  For  the  longer  element  we  display  the  mean  carrier  velocity  v  (:■;.:)=  Jn(x,  t )  ' 

'  en(x.t),  v; ;  i  c  a  more  general  expression  than  the  uniform  field  veloi*it>  and 

j  includes  i  j on  implicitly.  For  this  element  point-bv-poin:  correspondence 

between  v(x.t'  : :iJ  F(x,t)  displays  -cat  ial  overshoot  .  However.  the~«-  oxces-  values 
of  veio.-f  -  include  s  igr.i :  i  c  sr.t  contribution-  from  grad:-.  :s  (>ce  also  !5). 

•  lndo.-d,  i:  -  re  to  discuss  carrier  velocity  rough  the  f  rill.;:  phononer  .  •£!«■••. 
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steady  state  (ss)  conduction  plus  diffusion  relation  v  -  vgs  -  8  j",  then  near  a 
depression  in  n,  v  should  be  greater  than  vss . 

Conclusion  -  What  are  these  results  teaching.  On  one  level  we  can  interpret  numerical 
results,  as  above.  On  a  second  level  we  can  infer  some  general  patterns.  Here,  if 
we  go  back  to  the  late  sixties  and  the  interpretations  of  transferred  electron  device 
behavior,  we  recall  the  conclusion  that  significant,  locally  confined,  spatial  non- 
uniformities  control  device  behavior.  The  above  results  arc  consistent  with  these 
earlier  NDM  studies17.  For  here,  the  shorter  element  sustained  a  larger  field 
gradient  near  one  of  the  boundaries,  enhanced  electron  transfer,  saturation  in 
carrier  velocity,  and  a  low  net  current,  while  in  the  longer  element  the  field  near 
one  of  the  boundaries  is  lower,  there  is  a  more  equitable  sharing  of  potential 
between  the  resistor  and  the  nonlinear  element  and  the  current  is  higher.  (In  sub¬ 
micron  devices  we  may  expect  some  space  charge  propagation.  For  the  longer  element 
discussed  here  there  was  still  some  residual  time  dependence  but  it  was  not  examined.) 
The  results  also  teach  that  the  achievement  of  high  speeds  in  practical  devices  will 
necessarily  require  the  incorporation  of  spatial  transients  into  device  modeling. 
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ABSTRACT 

The  purpose  of  this  paper  is  to  demonstrate 
that  peak  overshoot  effects  in  gallium  arsenide  are 
reduced  when  the  fields  change  temporally  and 
spatially  at  a  finite  rate.  For  temporal  changes 
and  uniform  fields  the  peak  overshoot  velocity  is 
shown  to  be  sensitive  to  bias  rise  times.  For 
spatial  changes  the  mean  carrier  velocity  is 
extremely  sensitive  to  gradients,  and  while  over¬ 
shoot  can  occur  it  is  also  below  the  peak  uniform 
field  value. 


I.  INTRODUCTION 

The  high  technological  interest  in  submicron 
length  devices  stems  from  our  increased  ability  to 
store  and  process  more  information  on  a  chip  of  a 
given  size.  But  the  shrinking  device  introduces  a 
host  of  new  and  exciting  problems,  the  most  direct 
one  -  how  does  a  submicron  device  work?  While  on 
an  ultra-small  scale  device-device  interactions  are 
likely  to  lead  to  synergistic  behavior,  where  the 
whole  behaves  differently  than  its  parts,  most  sub¬ 
micron  device  modeling  is  concerned  with  the  con¬ 
stituent  part  -  the  discrete  device. 

For  the  discrete  submicron  device  there  are 
several  critical  parameters,  some  of  which  are 
listed  below.  The  point  of  the  scales  is  that  when¬ 
ever  the  extrinsic  and  bulk  parameters  overlap, 
the  usual  drift  and  diffusion  modeling  equations 
are  called  into  question.  Whenever  the  concept; 
e.g.,  of  a  wavepacket  or  Fermi's  Golden  Rule  is 
questioned,  the  Boltzmann  transport  equation  is 
scrutinized. 


TABLE  1. 

Approximate  spatial 

scales  (GaAs) 

Term 

Value 

Active  region  length 

10'5cm,  10_4cm 
iO’^cm  0  lO^'/cm^ 
10”^cm  0  10^®/cm^ 

Impurity 

separation 

Mean  free 

path 

iO'^cm 

Thermal  deBroglie  wavelength 

2.6xl0~6cm 

TABLE  2. 

Approximate  temporal 

scales  (GaAs) 

Term 

Value 

Transit  time(for  v*2x!0^/cm/s)  5x10  s  @  L«10”  cm 

5xl0“^s  0  L=10  cm 

Momentum  relaxation  3xl0~|/s  0  300K 

Collision  duration  2xl0”^"'s 


Device  modeling  on  time  scales  of  the  order  of 
fractions  of  picoseconds  has  been  extensive.  With 
the  exception  of  a  few,  most  studies  have  been 
concerned  with  the  limiting  situation  in  which  the 
carriers  respond  to  sudden  changes  in  electric  field. 
These  limiting  situations  have  provided  us  with 
peak  momentum-relaxation-time  dominated  velocities, 
far  in  excess  of  their  steady  state  values.  There 
are  conceptual  difficulties  in  relating  these 
limiting  values  of  velocity  to  the  operation  of 
present  day  devices.  Indeed,  there  may  not  be  a 
pressing  need  to  do  so.  What  appears  necessary  at 
this  point  is  the  development  of  a  collection  of 
results  that  illustrates  the  effects  of  relaxing 
the  sudden  field  concept.  We  have  begun  such  a 
collection.  And  when  we  combine  our  recent  results 
with  results  of  others,  we  are  drawn  to  the  con¬ 
clusion  that  overshoot  velocities  are  dramatically 
reduced  when  the  field,  as  seen  by  the  electrons, 
changes  at  a  finite  rate.  This  paper  is  a  summary 
of  these  results. 


II.  FORMULATION 


Our  results  are  obtained  numerically  for  a  two 
valley  GaAs^1’2'  element  through  self  consistent  so¬ 
lution  to  che  first  three  moments  of  the  Boltzmann 
Transport  Equation  (BTE),  which  we  write  in  the 
form  first  discussed  by  Blocekjar^: 


Carrier  Density  (i  =  1,2) 


dNj 

dl 


+  V  •  (  VjNj)  1 


dP, 

dt 


Momentum  Density  Pj  r  mjNjvj 
+  V  •  (7j  Pj  )  -  -  eNj?  -  V(NjkTj) 


Energy  Density  W; 
dW;  _ 

—  +  V  •  (  Vj  Wj)  * 


yNikTi 


+  2 


-  e  Nj  Vj-F  -  V  •  (VjN^T,)  -  V-5, 


The  bracketed  terms  on  the  RHS  of  the  above  equations 
represent  scattering  integrals.  And  each  of  the 
above  are  solved  simultaneously  with  Poissons  equa¬ 
tion  and  the  circuit  equation.  In  solving  these 
equations  we  have  found  a  convenient  set  of  normal¬ 
izing  parameters.  They  appear  in  Table  3. 
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The  advantage  we  find  for  the  above  is  that  the 
relative  contribution  of  each  term  is  readily  acces¬ 
sible.  The  one  problem  offering  something  of  a 
dilemma  in  the  above  is  the  contribution  of  the 
thermal  conductivity.  This  term  has  been  regarded 
by  Blotekjar  as  a  highly  significant  non- 
Maxwellian  contribution.  As  with  others  (3)  we  have 
found  this  a  welcome  help  in  assuring  stability  of 
some  numerical  calculations.  The  problem  is  what  to 
choose  for  a  value  for  k,  aside  from  the  fact  that 
we  have  taken  it  to  be  constant.  We  can  get  some 
help  from  the  Wiedmann-Franz  Law  <=  _^cTk24  .  Thus 
c '  =  hf<T>/x0  and  we  expect  the  normalized  thermal 
conductivity  to  be  less  than  unity.  However,  in  the 
calculations  discussed  below  we  have  virtually 
ignored  it.  Its  effect  will  be  examined  later. 

III.  UNIFORM  FIELD  TRANSIENTS 

The  first  set  of  calculations  are  for  uniform 
fields.  In  this  case  the  nonlinear  element  was  in 
series  with  an  inductor,  a  resistor  and  a  dc  source. 
A  geometrical  capacitance  was  placed  across  the 
device.  For  che  case  where  the  inductor  was  absent 
we  computed  the  response  of  the  nonlinear  element 
to  an  external  source  that  reached  a  maxinun  value 
1 _  as  a  controlled  rate.  Two  extreme  cases  are 

[TJX 

snown  in  figure  1.  Curve  'a' o:  figure  1  yields  che 
familiar  "high"  velocit;  overshoot  results!- , 5) , 
and  here  the  bias  reached  its  peak  value  in  one 
time  step.  For  curve  "o'  the  maximum  bias  was 
reached  after  a  time  of  150  ps  had  elapsed.  There 
is  a  dramatic  reduction  ir.  peak  velocity.  This 
result  is  not  at  all  surprising  when  we  recall  that 
overshoot  is  primarily  a  consequence  of  differences 
in  the  energy  and  momentum  relaxation  times.  If  the 
device  voltage  changes  on  a  time  scale  comparable  to 
the  energy  relaxation  rice,  overshoot  effects  are 
considerably  reduced. 


0  2  4 


Time/t 

o 


Fig.  1:  Uniform  v(t)  calculations  with  bias  rise 
time,  Tj,,  as  a  parameter.  The  maximum  bias  field 
is  21.5kv/cm.  For  (a)  the  maximum  field  is  reached 
in  one  time  step.  For  (b)  Tj,-160  ps.  vo”3.7xl02 

cm/sec.  Tn-0.32ps. _ 

The  above  results  are  consistent  with  the 
unnoticed  overshoot  calculations  of  Ref.  6,  where 
the  GaAs  element  responded  to  a  driving  ac  signal. 

Ue  present  a  slight  variant  of  that  result  in  figure 
3,  where  we  show  the  results  of  a  self-excited 
relaxation  oscillation.  The  details  of  the  self- 
excited  oscillation  have  been  chartered  by  many 
authors  (7).  It  suffices  to  state  that  the  circuit 
now  contains  an  inductor,  and  when  the  oscillation 
occurs  the  current-voltage  pattern  is  that  of  a 
Lissajous  figure.  When  the  semiconductor  drift 
and  diffusion  equation  are  used  the  velocity  versus 
field  relation  exhibits  no  hysteresis.  When  the 
BTE  is  used  to  compute  the  velocity,  hysteresis  and 
overshoot  occur,  as  shown  below.  But  as  seen  the 
overshoot  is  substantially  below  the  peak  of  chat 
of  figure  1. 


Field/F 

o 

Fig.  2:  Velocity  versus  field  for  an  80  CHz  relax¬ 
ation  oscillation. 
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The  question  to  ask  Is  what  can  we  expect  at 
higher  frequencies  where  the  field  changes  aore 
rapidly.  A  direct  answer  Is  somewhat  difficult  of 
this  aoaent.  We  note  that  it  takes  the  electrons 
a  finite  period  of  tiae  to  respond  to  any  changes 
In  electric  field.  During  the  tiae  the  carriers 
sense  a  high  field,  the  latter  aay  already  have 
turned  around.  Further  coaplications  arise  in  that 
the  way  the  field  changes  is  constrained  by  the 
external  circuit.  In  any  case,  preliminary  studies 
show  that  increasing  the  rate  of  change  of  field 
in  an  oscillating  circuit  does  not  automatically 
result  in  a  higher  overshoot. 

IV.  NONUNIFORM  SPATIAI.  TRANSIENTS 

When  spatial  nonuniformities  are  present  in 
the  semiconductor  the  interpretation  of  nonequlib- 
rium  contributions  becomes  more  complex.  Essen¬ 
tially  what  is  needed  here  is  a  cataloguing  of 
results  of  model  calculations.  Some,  have  already 
appeared  W .  Below  we  discuss  spatial  transients  in 
devices  for  which  all  temporal  transients  approach 
zero  (i.e.,  •*  0) .  This  is  the  opposite  extreme 

to  the  temporal  transients  where  all  spatial 
gradients  are  zero. 

The  configuration  we  have  chosen  will  be 
familiar  to  those  involved  in  Gunn  devices  during 
the  sixties.  We  assume  a  jellium  distribution  of 
donors  with  a  density  of  I()17/cm3  and  a  J.0Z  “notch" 
downstream  from  the  cathode.  The  jellium  distribu¬ 
tion  must  be  viewed  suspiciously  for  ultra-small 
devices  (see  Table  1).  The  lengths  of  the  elements 
are  0.5  and  1.0  pm,  with  notched  widths  of  0.1  and 
0.2  microns,  situated,  respectively,  0.05  and  0.1 
um  downstream  from  the  cathode.  Each  nonlinear 
element  was  in  series  with  a  resistor,  and  a  dc 
source  whose  magnitude  was  chosen  so  chat  should 
the  fields  be  uniform  the  average  field  across  each 
element  would  be  the  same.  The  initial  transient 
was  virtually  indistinguishable  from  the  uniform 
field  case.  The  long  time,  JL  -►  0,  limit  showed 
significant  structure  reminiscent  of  "cathode 
notched"  supercritical  amplifiers. ^  The  results 
are  shown  in  figures  3  and  4,  uhere  we  display  the 
magnitude  of  the  field  and  the  net  mobile  carrier 
density.  For  the  longer  element  we  display  the 
mean  carrier  velocity  v(x,t)  which  is  aore  general 
than  the  uniform  field  velocity  and  implicitly  in¬ 
cludes  diffusion.  For  the  0.5  micron  element  we 
display  the  conductive  velocity  which  is  obtained 
by  subtracting  the  term  containing  ~  ^  (nT)  from 

v(x,t).  The  conductive  velocity  tends* to  isolate 
negative  differential  mobility  (SDM)  effects, 
if  any. 

To  examine  these  results  we  also  display  some 
supplementary  calculations.  Figures  3a  and  b  dis¬ 
play  central  valley  (CV)  results  for  0.5  and  1.0 
micron  devices.  Figure  6  shows  results  for  a 
uniforn  field  calculation  where  the  bias  field  rose 
at  a  slow  rate.  From  figures  3-5  can  extract 
Nc  versus  F  and  compare  chem  to  the  uniform  field 
value  results.  With  the  exception  o:  the  immediate 
region  of  the  notch  the  results  are  somewhat 
similar.  For  the  snort  element,  the  fields  near 
the  notch  are  high  and  cathode  electrons  are  pre¬ 
dominantly  in  the  satellite  valley.  As  a  result. 


Fig.  3:  Spatial  distributions  (a)  conduction  vel¬ 
ocity,  (b)  internal  field,  (c)  mobile  carrier  den¬ 
sity,  (d)  background  density. 


Fig.  4:  Spatial  distributions:  (a)  mean  carrier 
velocity,  (b)  internal  field,  ,c)  mobile-carrier 
density. 
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apart  froa  a  aarglaal  NOM  region  near  the  cathode 
there  are  no  overehoot  contribution*.  The  longer 
element  displays  aore  Interest.  Here  the  cathode 
fields  are  low  enough  to  allow  a  significant  frac¬ 
tion  of  carriers  to  remain  the  CV.  Initially  the 
CV  momentum  and  temperature  correspond  closely  to 
the  uniform  field  case.  Decreasing,  and  then  in¬ 
creasing  fields  (cowards  Che  anode)  result  in  cor¬ 
responding  changes  In  energy  and  momentum.  But 
these  spatial  changes  do  not  completely  follow  the 
field,  there  Is  some  spatial  relaxation.  Thus, 
while  reductions  in  field  near  the  cathode  produce 
lower  values  of  electron  temperature,  they  are  not 
as  low  as  the  uniform  field  results  suggest.  In¬ 
creases  in  field  are  followed  by  increases  in 
temperature,  but  not  as  great  as  that  suggested 
by  the  uniform  field  analysis.  As  a  result,  Che 
electrons  are  cooler  than  in  uniform  field  equilib¬ 
rium  and  overshoot  occurs.  Ue  have  also  examined 
a  similar  set  of  supplementary  calculations  for  the 
satellite  valley.  Because  of  the  significantly 
higher  scattering  rates  the  results  are  similar  to 
those  obtained  using  the  steady  state  uniform  field 
values  of  velocity. 

V.  CONCLUSIONS 

The  basic  conclusion  of  this  study  was  stated 
in  our  introductory  remarks.  Reiterating ,  non¬ 
equilibrium  overshoot  effects  are  present  in 
submicron  devices.  They  occur  because  of  spatial 
and  temporal  variations  within  the  device,  coupled 
to  strong  differences  in  energy  and  momentum 
relaxation  times.  However,  to  extract  the  maximum 
speed  from  these  devices  new  and  very  careful 
designs  will  be  necessary. 
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Fig.  5:  Central  Valley  fractional  density,  momen¬ 
tum  and  electron  temperature,  for  the  1.0  and  0.5 
micron  elements. 
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Fig.  6:  Uniform  field  dependent  central  valley 
density  momentum  and  electron  temperature. 
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The  study  of  high  field  transport  in  semiconductor  devices  has  progressed  very  rapidly  over  the 
past  decade,  sustained  in  part  by  rapid  technological  advances  in  the  solid  state  electronics 
industry.  These  have,  however,  generated  important  conceptual  problems  in  modeling  of  high 
speed  transport  in  nonlinear  semiconductors.  Some  of  these  problems  are  discussed  below. 

PACS  numbers:  72.20.Ht 


I.  INTRODUCTION 

The  study  of  high  field  transport  in  semiconductor  devices 
has  progressed  very  rapidly  over  the  past  decade,  inspired 
directlj  by  Gunn’s  observations  of  high  field  propagating 
domains,1  and  sustained  by  rapid  technological  advances  in 
the  semiconductor  industry.  Accompanying  this  growth  are 
dramatic  changes  in  the  way  transport  properties  are  de¬ 
scribed.  For  example,  most  textbooks  written  prior  to  1965 
(see  e.g.,  Smith,  Ref.  2)  solve  the  Boltzmann  transport  equation 
using  the  relaxation  time  approximation  and  perturbation 
theory,  nonlinear  transport  is  treated  either  phenomenolog¬ 
ically  or  descriptively.  Among  the  earliest  general  treatments 
of  nonlinear  transport,  per  se,  are  those  of  Conwell3  and 
Paige.4  Present  treatments  of  device  transport  tend  to  combine 
the  results  of,  e.g.  Refs.  2-4  with  the  techniques  of  numerical 
simulation  enabling  a  more  complete  representation  of  device 
phenomena  (see,  for  example.  Ref.  5).  The  types  of  problems 
currently  studied  stem  from  the  technology  associated  with 
the  very  large  scale  integration  (VLSI)  and  very  high  speed 
integrated  circuits  (VHSIC)  programs.  These  programs  in¬ 
troduce  conceptual  problems  in  modeling  the  device  physics, 
problems  generally  ignored  in  long  devices  operated  at  the 
low  gigahertz  frequency  scale.  Some  of  these  problems  are 
discussed  below. 

II.  SPATIAL  AND  TEMPORAL  SCALES 

Tables  I  and  II  identify  important  VLSI/VHSIC  scales. 
Present  and  near  term  device  designs  are  concentrating  in  the 
0.1  —  1  m  regime.  The  lower  bound  is  typically  the  order  of  a 
carrier  mean  free  path  in  such  compound  semiconductors  as 
gallium  arsenide,  and  is  approximately  equal  to  Nq 1/3  when 
No.  the  mean  impurity  concentration,  is  equal  to  10l5/cm3. 
For  No  =  10,8/cm3  the  separation  is  approximately  0.01  m 
In  the  former  case  the  possibility  of  collisionless  "ballistic" 
transport  arises,  a  topic  discussed  below.  The  latter  case 
implies  that  the  concept  of  a  semiconductor  device  with 
thermal  generated  majority  carriers  is  meaningful  only  at  high 
concentration.  For  example,  a  0. 1  X  1  X  I  pm  element  with 


a  density  of  1015/cm3  contains  100  thermally  generated  car¬ 
riers.  At  1018/cm3  this  amount  increases  to  10s  carriers.  We 
are  apparently  constrained  to  regard  some  submicron  devices 
as  injected  devices. 

Another  matter  related  to  impurity  atoms  is  their  distri¬ 
bution.  Typical  device  simulations  of  micron  and  longer  de¬ 
vices  usually  assume  a  continuous  (jellium)  distribution  of 
impurities  with  spatial  variations  occurring  on  a  macroscopic 
scale.  As  the  nominal  device  dimensions  are  reduced  to  a 
submicron  scale  this  becomes  less  realistic  and  statistics  asso¬ 
ciated  with  impurity  placement  (e.g.,  clustering)  are  re¬ 
quired. 

The  fourth  entry  in  Table  I  is  the  thermal  deBroglie 
wavelength,  a  useful  parameter  for  a  large  collection  of 
charged  particles.  The  implication  is  that  if  the  critical  device 
dimensions  are  comparable  to  the  deBroglie  wavelength, 
carrier  reflection  effects  occur,  which  may  enhance  the 
probability  of  scattering.  Quantum  effects  have  already  been 
identified  in  submicron  MOS  structured. 6  Figure  1  displays 
thermal  deBroglie  wavelength  vs  effective  mass.  On  a  sub¬ 
micron  scale  quantum  effects  should  be  most  prominent  in 
the  light  mass  semiconductors. 

Table  II  identifies  the  more  significant  temporal  scales. 
Prominent  here  is  the  transit  time,  which  is  0.5  ps  for  a  carrier 
traveling  at  2  X  107  cm/s  across  a  0.1  pm  region.  This  value 
is  of  the  order  of  the  mean  time  between  collisions  and  rep¬ 
resents  a  major  difference  between  submicron  and  the  longer 
multimicron  length  devices.  For  the  latter,  collisions  are  a 
small  fraction  of  the  characteristic  time  interval,  and  the 


Table  I.  Approximate  spatial  scales  (GaAs). 


Term 

Value 

Active  region  length 

I0~5  cm,  I0~*  cm 

Impurity  separation  (/V® ,/*) 

I0~5  cm  @  lO'Vcm* 

10**  cm  fe  IC'/cm* 

Mean  free  path 

I0*5  cm 

Thermal  deBroglie  wavelength 

2.6  X  10**  cm 
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TmuII.  Appcoaiinatclcmporal  leaks  (GaAs). 


Term 

Value 

Triftul  time  (fore  ■  3  X  I01  cm/s) 

5  X  IO*,,sfei  L  -  lO-’cm 

SX  IO-'Jsfe  L  -  I0-4  cm 

Momentum  relaxation 

3X  IO-"sfc  300  K 

Collision  duration 

2  X  IO-,4s 

the  transient  behavior  of  light  mass  stibmicron  devices  are 
dominated  by  properties  of  the  surface,  as  well  as  the  envi¬ 
ronment.  While  this  is  clear  from  several  examples  (layered 
real  space  transfer  devices,9  quantized  inversions  layers,6  etc.), 
the  study  of  these  surface  dominated  submicron  devices  is  still 
a  new  discipline,  with  its  concomitant  uncertainties.  We  il¬ 
lustrate  the  latter  below. 


concept  of  mobility  emerges.  For  submicron  devices  where 
subpicosecond  effects  are  important  mobility  is  not  a  signif¬ 
icant  parameter.  Without  overstating  the  case,  submicron 
device  transport  requires  solutions  to  the  Boltzmann  and 
quantum  transport  equations  rather  than  the  drift  and  dif¬ 
fusion  equations. 

From  an  intuitive  point  of  view,  there  is  little  distinction 
between  the  mean  free  path  and  the  time  between  collisions, 
ie.,  there  is  overlap  between  the  temporal  and  spatial  scales. 
The  third  entry  in  Table  II  offers  no  such  parity.  This  entry 
represents  the  fact  that  collision  processes  take  place  over  a 
time  interval  that  may  be  a  sizable  fraction  of  the  carrier  re¬ 
sponse  time.  Thus  during  a  collision  event  the  carriers  may, 
additionally,  either  absorb  or  lose  energy  to  a  self-consistent 
field.  Treatment  of  this  effect  requires  modification  of  the 
scattering  integrals  of  the  Boltzmann  transport  equation.7 
Results  will  be  illustrated  below. 

Implicit  in  the  above  discussion  is  that  as  devices  are  re¬ 
duced  to  the  order  of  a  mean  free  path  or  smaller,  their  be¬ 
havior  becomes  boundary  condition  intensive.  No  longer  is 
it  reasonable  to  conceive  that  transport  is  determined  by,  e.g., 
band  structure,  and,  e.g.,  then  modified  by  contacts.8  Rather, 


III.  BALLISTIC  TRANSPORT:  TRANSIENT 
CARRIER  TRANSPORT 


The  possibility  of  fabricating  devices  with  an  active  cltannel 
length  of  the  order  of  a  mean  free  path  has  led  to  the  proposal 
that  ballistic  devices  are  conceptually  possible.10  We  explore 
this  briefly,  emphasizing  the  dependence  on  boundary  con¬ 
ditions. 

Ballistic  transport  as  used  in  vacuum  tubes  implies  the  ab¬ 
sence  of  collisions,  except  perhaps  for  Coulombic  interactions 
and  their  resulting  space  charge  limitation.  In  a  semiconductor 
such  as  GaAs,  it  has  been  suggested  that  microscopic  ballistic 
transport  is  also  possible  so  long  as  the  carrier  energy  is  below 
the  optical  phonon  energy,  approximately  36  meV  for  CaAs. 
This,  however,  ignores  such  things  as  carrier  statistics.  For, 
in  an  otherwise  perfect  crystal  (ignoring  the  weak  acoustic 
phonons),  the  mobile  electrons  have  a  well  defined  energy 
distribution  with  some  carrier  energies  very  near  the  threshold 
for  phonon  emission.  As  a  result,  even  for  small  applied  fields 
electron-phonon  interactions  will  occur,  and  ballistic  transport 
in  the  microscopic  sense  is  not  an  observable.  Instead  ballistic 
transport  in  the  sense  of  the  mean  is  conceptually  possible. 
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VELOCITY  t«  10?  cm/tee  ) 


where  on  a  short  time  scale  the  mean  velocity  is  approxi¬ 
mately  given  by 

<V>-qFl/m*.  (I) 

Equation  (i)  implies  an  ensemble  average  in  which  elec¬ 
tron-election  interactions  are  sufficiently  rapid  for  the  carriers 
to  be  in  thermal  equilibrium  with  each  other.  Further,  for 
CaAs,  “t"  in  Eq.  (1)  is  generally  less  than  the  relaxation  time 
for  the  Frohlich  interaction,  i.e.,  t  «  0.3  ps. 

If  we  accept  the  conceptual  possibility  of  mean  ballistic 
transport  then  a  number  of  simple  results  are  immediate  and 
are  borrowed  from  the  literature  of  vacuum  tubes.  In  one  case 
(neglecting  diffusion!)  current  continuity,  energy  conserva¬ 
tion,  and  the  assumption  of  an  infinite  source  of  cathode 
electrons  entering  with  zero  velocity  yields  Childs  law: 

/  ••  4>V2  (2) 

Relaxing  the  unlikely  zero  cathode  velocity  condition8  causes 
the  current  voltage  characteristic  to  depart  significantly  from 
a  “3/2”  power  law,11  and  reinforces  the  idea  that  for  mean 
ballistic  transport,  the  I-V  characteristics  are  dominated  by 
the  boundary  region,  not  by  ballistics.12 

When  we  examine  transport  on  a  time  scale  longer  than  that 
for  which  Eq.  (1)  is  approximately  valid,  dramatic  nonequi- 
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FlC.2.  Steady  sUte  velocities  for  the 
central  and  satellite  valleys  of  CaAs  in 
a  r.X  orientation.  Also  shown  is  the 
mean  velocity  including  electron 
transfer. 


FlC.  3.  Mean  transient  carrier  ve¬ 
locity  vs  time  lor  zero  and  finite  col¬ 
lision  duration.  Results  are  obtained 
from  the  first  three  moments  of  the 
Boltzmann  transport  equation. 
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FlC.  4  Field  dependent  drift  velocity  vs  distance  (or  gallium  arsenide. 
Lengths  denote  transit  distances. 

iibriurn  size-dependent  effects  occur.  The  phenomena  has 
been  referred  to  as  velocity  overshoot  for  reasons  that  will  be 
apparent.  We  again  concentrate  on  gallium  arsenide,  which 
for  simplicity  we  treat  as  a  two- valley  semiconductor. 

At  low  values  of  electric  field  and  at  room  temperature 
almost  all  of  the  carriers  are  in  the  central  valley.  In  the  ab¬ 
sence  of  ionized  impurities,  detailed  balance  dominates  and 
the  mobility,  a  “mean"  quantity,  is  determined  by  intravalley 
LO  phonon  scattering.  At  high  values  of  electric  field  LO 


phonon  intervalley  scattering  becomes  the  dominant  scat¬ 
tering  mechanism,  and  there  is  an  increased  level  of  sponta¬ 
neous  phonon  emission.  For  the  central  valley,  velocity  satu¬ 
ration  occurs  but  at  values  of  velocity  higher  than  the  steady 
state  velocity.  The  general  situation  is  represented  by  steady 
state  curves  (Fig.  2)  for  the  mean  carrier  velocity  in  the  central 
and  satellite  valleys.  Due  to  differences  in  the  effective  mass, 
the  carrier  velocity  is  highest  for  central  valley  electrons. 

Once  we  recognize  that  a  finite  amount  of  time  is  necessary 
for  carriers  to  transfer  from  the  central  to  satellite  valleys  we 
see  the  immediate  possibilities  of  high  transient  velocities. 
Typical  transient  curves  are  shown  in  Fig.  3:  one  result  is  for 
zero  collision  duration  and  a  second  for  finite  collision  dura¬ 
tion.  The  shaded  region,  where  the  expired  time  is  less  than 
LO  phonon  relaxation  time,  we  refer  to  as  the  mean  ballistic 
regime. 

The  calculation  of  Fig.  3  can  be  translated  into  a  velocity 
vs  distance  transient.  Then  repeating  the  calculation  at  dif¬ 
ferent  values  of  field  we  obtain  the  results  of  Fig.  4. 13  It  is  clear 
that  as  the  device  dimensions  are  reduced  the  apparent  sat¬ 
urated  drift  velocity  increases  while  the  presence  of  negative 
differential  mobility  is  eliminated.  This  particular  result  is 
highly  significant  insofar  as  it  suggests  the  possibility  of  en¬ 
gineering  a  size  dependent  device  which  in  one  case  offers 
negative  differential  mobility,  while  in  another  case  velocity 
saturation. 


IV.  SUMMARY 

The  above  discussion  developed  from  the  idea  that  con¬ 
ceptual  problems  in  modeling  device  transport  on  a  submicron 
scale  require  care  for  their  resolution.  And  in  emphasizing  the 


rale  of  the  boundary,  the  discusrion  suggests  that  when  device 
dimension!  become  sufficiently  smell,  we  may  wish  to  regard 
devices  u  surface  limited  devices  separated  by  regions  whose 
principal  contribution  is  to  introduce  phase  changes.11  But 
the  very  nature  of  a  surface  limited  device  also  signals  that 
one-dimensional  submicron  transport  can  be  effective  only 
in  so  far  as  it  identifies  isolated  phenomena.  Realistic  modeling 
must  incorporate  lateral  variations — a  feature  ignored  in  long 
devices  where  the  contact  region  occupies  a  small  fraction  of 
device  size.  In  short  devices  this  approximation  is  not  ac¬ 
ceptable,  as  Fig.  5  suggests.  In  fact,  it  would  not  be  surprising 
if  one  local  region  dominated  all  device  behavior. 


ACKNOWLEDGMENTS 

The  authors  thank  C.  J.  Iafrate,  K.  Hess  and  P.  J.  Price  for 
their  insightful  comments.  This  work  was  supported  by  the 
Office  of  Naval  Research  and  the  Army  Research  Office,  to 
whom  we  are  grateful. 


'J.  B.  Cuno,  Solid  State  Oanmua.  1,  88  (1963). 

*R.  A.  Smith,  Semiconductor*  {Cambridge  University,  New  York.  I960). 

*E.  M.  Conwefi.  High  Field  Transport  in  Semiconductor!  (Academic,  New 
York,  1907). 

‘E.  C.  S.  Paige.  The  Electrical  Conductivity  of  Csrmanloan  (Heywood. 
London.  1964). 

•Physics  of  Nonlinear  Transport  in  Semiconductors,  edited  by  D.  K.  Ferry, 
).  R  Barker,  and  C  Jacoboni  (Plenum.  New  York.  1960). 

•For  a  general  review  of  the  quantized  inversion  layer,  tee  F.  Stem,  Crit. 
Rev.  Solid  State  Sci.  4, 499  (1974). 

7D.  K.  Ferry  and  J.  R.  Barker.  Solid  State  Common.  30, 301  (1979). 

*M.  P.  Shaw,  H.  L  Crubin.  and  P.  R.  Solomon,  The  Cun n-Htisun  Effect 
(Academic,  New  York,  1979). 

*K.  Hen,  H.  Morkoc,  H.  Shichijo.  and  &  C.  Street  man,  Appl  Phya.  Lett 
35,469(1979). 

10See,  eg.,  M.  S.  Shur,  and  L.  F.  Eastman,  IEEE  Trans.  Electron  Devices 
ED-26, 460  (1979). 

>>H.  L.  Crubin,  D.  L  Ferry,  C. ).  Iafrate,  and  J.  R.  Barker.  Mlcroetmcture 
Science  and  Engineering/  VLSI,  edited  by  N.  Einspruch  (Academic.  New 
York,  1981). 

'*D.  K.  Ferry,  J.  R.  Barker,  and  H.  L  Crubin.  IEEE  Electron  Devices  Lett 
ED2-1, 209  (1980). 

I5H.  L.  Crubin,  D.  K.  Ferry,  and  J.  R.  Barker,  in  Proceedings  of  l EDM 
(IEEE.  New  York,  1979).  p.  394. 


J.  Vac.  Sci.  TochnoL,  Vol.  19.  No.  3,  S«pt./Oct.  1981 


Reprint  4 

IEEE  TRANSACTIONS  ON  ELECTRON  DEVICES.  VOL.  ED-2*.  NO.  «.  AUGUST  l*»l 


♦05 


Hot-Carrier  Constraints  on  Transient  Transport  in 
Very  Small  Semiconductor  Devices 

DAVID  K.  FERRY,  senior  member,  ieee,  JOHN  R.  BARKER,  and  HAROLD  L.  GRUBIN,  member,  ieee 


Abtfrocr-Current  technology  has  progressed  rapidly  and  is  pushing 
Coward  fabrication  of  submicton  dimensioned  devices.  As  this  occurs, 
we  expect  that  the  temporal  and  spatial  scales  in  these  devices  will 
become  sufficiently  small  that  the  semiclassical  approach  to  transport 
theory,  as  expressed  by  the  Boltzmann  equation,  becomes  of  question¬ 
able  validity.  In  developing  a  corrected  transport  equation  from  quan¬ 
tum  kinetic  theory,  several  constraints  arise  on  the  normal  concepts  of 
transport  parameters.  The  intra-collisional  field  effect,  concomitant 
nonzero  collision  duration,  and  retarded  cotlisional  interactions  have 
pronounced  effects  upon  the  carrier  transport,  especially  in  the  transient 
dynamic  response  region  in  small  devices.  The  description  of  diffusion 
is  also  complicated  by  the  relatively  long  duration  of  the  velocity  auto¬ 
correlation  function.  Calculations  have  been  carried  out  for  thevelocity 
autocorrelation  function  for  Si.  It  is  found  that  the  autocorrelation 
p'(r)  initially  relaxes  exponentially,  due  to  momentum  relaxation,  goes 
negative  and  displays  a  local  minimum,  then  relaxes  to  zero  at  a  slower 
rate  due  to  energy  relaxation.  This  complicated  behavior  leads  to 
enhanced  diffusion  and  noise  on  the  short-time  scale. 


I.  Introduction 

HE  THRUST  OF  integrated  electronics  in  recent  years 
has  been  toward  the  realm  of  VLSI  of  IC’s.  From  the 
early  beginning  of  IC’s,  the  complexity  of  the  circuit  increased 
rapidly,  approximately  doubling  each  year  (l).  In  fact,  the 
growth  of  complexity  appears  to  be  maintaining  this  rate  for 
regular  arrays  of  devices,  although  slowing  somewhat  for  ran¬ 
dom  logic  [2]-  There  are  several  factors  to  this  increase  in 
complexity,  including  major  effects  arising  from  increased  die 
size,  increased  circuit  cleverness,  and  reduced  device  size.  The 
latter  of  these  is  significant,  and  current  IC's  involve  devices 
of  1-jam  design  rules  (3].  However,  research  MOSFET's  have 
been  fabricated  with  channel  lengths  in  the  0.1-0.25-pm  range 
[4] ,  [5] .  These  developments  are  not  restricted  to  MOSFET’s, 
and  experimental  GaAs  microwave  devices  have  also  been  built 
with  gate  lengths  in  this  range.  Indeed,  simple  experimental 
structures  have  been  fabricated  in  the  0.0 1-0. 1 -tam  range  [6], 
These  new  developments  and  advancements  into  submicron 
semiconductor  devices  are  considerably  hampered  by  a  large 
gap  in  our  understanding  of  nonequilibrium  semiconductor 
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transport  on  scales  intermediate  to  the  true  atomic  scale 
(<  10  A)  and  the  bulk  solid-state  macroscale  (>1  pm  =  I04  A). 
It  is  already  apparent  that  simple  down-scaling  of  processing, 
device  function  and  performance,  bulk  physics,  etc.,  is  not 
adequate  in  this  region,  nor  indeed  is  a  straightforward  up- 
scaling  of  known  atomic-scale  phenomena  [7],  [8],  Indeed, 
whether  the  transport  is  ballistic  [9]  or  retarded  (10] ,  (1 1 J ,  it 
is  complicated  by  the  high  electric  fields  and  the  resultant  hot- 
carrier  phenomena.  For  example,  1  V  across  a  0.1-pm  channel 
produces  an  average  electric  field  of  10s  V/cm,  enough  to  pro¬ 
duce  hot  electron  effects  in  any  semiconductor. 

Hot  electron  effects  were  suggested  as  early  as  1963  to  be 
important  in  MOSFET’s  (12)  and  the  role  of  velocity  satura¬ 
tion  was  considered  shortly  thereafter  [13],  Subsequently, 
the  role  of  hot  carriers  in  MOS  and  MES  devices  has  been 
investigated  and  reviewed  (14] -(20).  Much  of  the  problems 
that  arise  in  transport  in  submicron  devices  are  due  to  the  very 
fast  time  scales  inherent  in  these  small  devices.  For  example, 
an  electron  traveling  at  107  cm/s  can  cross  a  0.1-pm  channel 
in  10" 12  s,  which  is  a  time  on  the  scale  of  the  appropriate 
relaxation  times  for  momentum,  energy,  and  charge.  On  this 
time  scale,  the  electrons  encountering  a  high-field  region  of 
this  dimension,  such  as  the  pinchoff  region  in  a  MOSFET,  do 
not  have  adequate  time  to  establish  any  sort  of  equilibrium 
distribution,  a  point  made  rather  pointedly  earlier  by  Ruch 
(21J,  and  by  Maloney  and  Frey  [22] .  Additional  complica¬ 
tions  arise  from  the  fact  that  the  collision  duration  is  no  longer 
negligible  on  this  time  scale  and  strongly  affects  the  transport 
dynamics  [10] ,  (23] . 

In  modeling  of  semiconductor  devices,  the  major  physical 
effects  are  dominantly  tied  up  on  the  manner  in  which  the 
charge  fluctuations  and  current  response  are  coupled  to  the 
local  electric  field,  formally  related  through  the  continuity 
equation.  To  accurately  determine  the  current  response,  one 
must  solve  an  appropriate  transport  equation  and  it  is  inthese 
transport  equations  that  many  of  the  major  modifications 
arising  from  these  short -lime  scales  occur. 

In  the  following  sections,  we  examine  the  consequences  of 
changes  that  the  short-time  scales  play  on  the  transport  of 
carriers  in  these  small  devices.  First,  we  look  at  the  effect  of 
the  nonnegligjble  collision  duration  and  the  concommitant 
intra-collisional  field  effect.  Then  we  turn  to  its  effect  on  the 
transport  equations,  especially  with  regard  to  transient  dy¬ 
namic  response.  In  this  latter  regard,  the  concept  of  diffusion 
and  the  velocity  autocorrelation  function  must  be  carefully 
examined.  Throughout  we  concentrate  on  silicon  devices. 
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II.  The  Intra-Collisional  Field  Effect  (ICFE) 

The  Boltzmann  transport  equation  (BTE)  has  long  been  the 
basis  for  semidassical  transport  studies  in  semiconductors  and 
other  materials.  Its  utility  also  stems  from  the  fact  that  it  is 
readily  transformable  into  a  path-variable  form  which  can  be 
adapted  to  numerical  solutions  for  complicated  energy- 
dependent  scattering  processes  [24] ,  [25] .  In  this  form,  the 
BTE  is  often  referred  to  as  the  Chambers-Rees  path  integral 
equation,  and  serves  as  the  basis  for  Monte  Carlo  and  iterative 
calculations  of  transport.  However,  the  BTE  is  valid  only  in 
the  weak  coupling  limit  under  the  assumptions  that  the  elec¬ 
tric  field  is  weak  and  slowly  varying  at  most,  the  collisions  are 
independent,  and  the  collisions  occur  instantaneously  in  space 
and  time.  Each  of  these  approximations  can  be  expected  to 
be  violated  in  future  submicron  dimensioned  semiconductor 
devices.  We  have  previously  shown  that  in  such  devices,  the 
time  scales  are  such  that  collision  durations  are  no  longer 
negligible  when  compared  to  the  relevant  time  scale  upon 
which  transport  through  the  device  occurs  [23] .  In  this  situa¬ 
tion,  even  for  time-independent  fields,  the  quantum  kinetic 
equations  are  nonlocal  in  time  and  momentum.  It  may  be 
recalled  that  the  BTE  can  be  rigorously  derived  from  the  den¬ 
sity  matrix  Liouville  equation  formulation  of  quantum  trans¬ 
port  [26],  [27]  under  the  above  amplifying  conditions.  In 
this  approach,  the  collision  terms  are  derived  under  the  assump¬ 
tion  that  the  collisions  occur  instantaneously,  which  is  a 
reasonable  approximation  when  the  mean  time  between  colli¬ 
sions  is  large.  At  high  fields,  such  as  will  occur  in  very  small 
devices,  the  collision  duration  is  significant  and  correction 
terms  must  be  generated  (for  the  BTE)  and  to  account  for  the 
actual  nonzero  time  duration  of  each  collision.  If  the  instan¬ 
taneous  collision  approximation  that  leads  to  the  BTE  is 
relaxed,  an  additional  field  contribution  appears  as  a  differen¬ 
tial  super-operator  term  (see,  e.g.,  the  discussion  in  [7])  in 
the  collision  integrals  evaluated  in  the  momentum  representa¬ 
tion,  resulting  in  an  ICFE  [28] ,  [29] . 

The  ICFE  can  be  partially  understood  by  the  following 
simplified  model.  In  the  Boltzmann  case,  the  collision  occurs 
instantaneously,  so  that  the  carrier  enters  the  collision  sphere 
at  one  point  and  instantaneously  exits  at  a  second  point,  called 
b  for  reference.  However,  the  collision  does  not  occur  instan¬ 
taneously,  but  requires  a  nonzero  collision  duration  rc.  In  this 
case,  it  can  now  be  accelerated  by  the  field  during  the  collision. 
Thus  it  exits  not  at  b,  but  at  b'  some  time  At  =  rc  later.  The 
points  b  and  b‘  differ  by  a  modification  of  the  momentum 
conservation  relations  due  to  field  acceleration  during  the  col¬ 
lision.  When  tc  begins  to  become  comparable  to  r.  the  mean 
time  between  collision,  this  ICFE  will  have  a  significant  effect 
on  the  transport  dynamic,  particularly  in  the  transient  re¬ 
sponse  region. 

The  mathematical  details  of  the  ICFE  have  previously  been 
given  [27] ,  so  we  shall  not  go  into  these  details  here  Rather, 
we  shall  merely  cite  some  of  the  supportive  evidence  for  the 
observability  of  the  effect.  In  very  large  fields,  such  as  can 
occur  in  Si02  near  breakdown,  the  ICFE  can  indeed  by  very 
significant  (30) .  Two  major  modifications  of  the  scattering 
integral  occur  as  a  result  of  this  intra-collisional  privess  First, 


Fig.  1.  Variation  of  the  effective  collision  duration  (dashed  curve)  and 
mean  freetime  for  Si  (solid  curve).  The  tatter  quantity  is  calculated 
from  the  effective  mobility  as  t  * 


the  total  energy-conserving  6 -function  is  broadened  by  the 
presence  of  the  electric  field.  Second,  the  threshold  energy 
required  for  the  emission  of  an  optical  phonon  is  modified, 
which  causes  a  shift  (in  energy)  of  the  6-function.  This  latter 
process  is  easily  understood  in  physical  terms.  The  argument 
of  the  energy  conserving  6 -function  is  just 

Ef-Et :t  flco0  =E(pf)  -E(p,)±ilu0  (1) 

but  the  initial  and  final  momenta  evolve  during  the  collision  as 

p(t')  =p-  [‘ eE(t")dt'  (2a) 

pV)=p'~  f  eE(t")dt”.  (2b) 

*V 

In  the  emission  of  an  optical  phonon,  where  the  electron  is 
scattered  against  the  electric  field,  the  field  will  absorb  a  por¬ 
tion  of  the  electron’s  energy  during  the  collision,  and  hence  a 
reduction  in  energy  loss  to  the  lattice  will  be  favored  The 
opposite  effect,  an  enhancement  in  energy  loss  to  the  lattice, 
occurs  for  emission  along  the  electric  field.  These  effects  can 
be  incorporated  into  the  appiopriate  scattering  integrals  used 
in  solutions  to  the  Boltzmann  equation,  and  this  has  been 
carried  out  for  the  transport  of  electrons  through  SiO:.  For 
electric  fields  above  (5-6)  X  I06  V/cm,  the  broadening  and 
shift  of  the  scattering  resonances  produce  a  noticeable  effect 
upon  the  velocity-field  relationship,  and  this  reduction  in 
threshold  can  be  further  observed  in  the  impact  ionization 
rates  in  SiOj .  Only  with  these  modifications  does  the  calcu¬ 
lated  ionization  rate  compare  with  the  rates  measured  by 
Solomon  and  Klein  [31] 

Although  the  ICFE  is  exceedingly  large  in  SiOj  because  of 
the  polar  nature  of  the  phonons  here,  it  is  also  significant  in 
the  case  of  Si.  in  Fig  I ,  we  plot  the  collision  duration  versus 
field  and  compare  it  with  the  momentum  relaxation  time 
t  -  (m*  here  is  the  conductivity  mass  for  Si  and  is 

obtained  by  a  sum  osei  the  multivalles  band  structure),  where 


i 
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Fig.  2.  The  velocity-field  curve  for  electrons  in  Si  as  calculated  by  a 
drifted  Maxwellian  approach.  At  high  fields,  the  field  weakens  the 
collisions  (dot-dashed  curve  b)  causing  an  increase  of  velocity  al¬ 
though  the  collisional  retardation  stops  this  effect  (solid  curve).  The 
low-frequency  curve  normally  seen  (for  rc  -  0)  is  the  dashed  curve  a. 

M  =  mfF  is  the  mobility.  The  effect  this  has  on  the  velocity 
field  curve  is  shown  in  Fig.  2.  Also  shown  is  the  countering 
effect  of  collision  retardation  discussed  in  the  next  section. 
The  ICFE  is  especially  noticeable  at  high  fields,  where  it 
essentially  eliminates  the  scattering  by  the  low  energy  inter¬ 
valley  phonon  [32] .  This  phonon  is  already  weakly  coupled 
since  it  scatters  through  a  first-order  interaction  [33]  but  is 
normally  an  effective  scatterer  at  high  fields. 

III.  The  Retarded  Transport  Equation 

When  the  ICFE  is  included  as  a  modification  of  the  lowest 
order  kinetic  equations,  a  high  field  quantum  kinetic  equation, 
which  replaces  the  BTE,  is  found  as  [27] ,  [28] 

\{  '  +  eF(t)  •  SJp  f{p,  t) 


limit,  e(p )  is  the  quasiparticle  renormalized  energy,  ft/rr  is 
the  joint  linewidth  due  to  collisional  broadening  of  the  initial 
and  final  states,  and  tj  takes  the  +1 ,  -1  for  phonon  emission 
or  absorption,  respectively,  in  the  in-scattering.  For  the  out- 
scattering  term,  the  roles  of  p,  p '  ar'  interchanged  although 
this  does  not  upset  detailed  balance  in  the  equilibrium  sense. 

In  small  semiconductor  devices,  where  the  dimensional  scale 
is  of  the  order  03  pm  or  less,  the  carrier  concentration  will  in 
general  be  relatively  high.  We  use  the  drifted  Maxwellian 
approach  to  developing  a  set  of  coupled  balance  equations, 
using  (3)  instead  of  the  BTE.  With  this  approach,  a  hierarchy 
of  moment  equations  can  be  generated,  from  which  the 
various  parameters  can  be  determined  [10],  [ll|.  These 
moment  equations  include  first-order  effects  arising  from 
the  nonzero  time  duration  of  the  collisions  and  general  retarda¬ 
tion  effects  [34]  -[36] .  Starting  from  the  density-matrix 
developed  form  of  the.  BTE,  we  have  shown  previously  that 
collision  terms  derived  in  the  normal  case,  but  modified  for 
intra-collisional  field  effects,  must  be  convolved  with  a  decay 
effect  over  an  effective  collision  duration.  Thus  the  balance 
equations  are  modified  in  a  straightforward  fashion,  although 
the  details  are  much  more  complicated.  This  latter  follows 
from  the  role  of  the  intra-collisional  field  effects,  which  both 
broaden  and  shift  the  resonances,  effectively  lengthening  the 
effective  collision  duration  and  weakening  the  effect  of  the 
collision  itself.  If  (3)  is  Laplace  transformed,  the  moment 
equations  can  be  developed  by  multiplying  by  an  arbitrary 
function  <p(p),  integrating  over  the  momentum,  so  that  the 
moment  equations  are  developed  in  the  transform- domain, 
and  then  retransforming.  This  yields  [II] 

(j^)  e ^  =  ~  J  exP (-' 'hc) <0c('  -  t'))dt' 

(5) 


-f  dt'YL  {s(p,p'-,t,t') f(p', t') 

Jo  p 

-S(p',p;M')/(p,r')}  0) 

where  the  momenta  p,p  '  are  explicit  functions  of  the  retarded 
time  t'  on  the  right-hand  side  through  the  relationship  of  (2), 
and  the  transition  terms  S  take  the  form,  for  inelastic  phonon 
scattering 


■{n„  +  7 


p.p  *nq 


0(p.p':r") 


(4) 


where  0  is  the  argument  of  the  normal  6-function  and  is  given 
by  (I)  The  two  exponential  factors  in  (4)  are  related  to  the 
joint  spectral  density  function,  which  reduces  to  an  energy 
conserving  5 -function  in  the  instantaneous  collision  low-field 


where 


f r  d 

(0c>  =  J  Ht~  r)~  [r^(r)]dr  (6) 

and  ro  is  the  relaxation  rate  for  <t>,  so  that  <j>c  =  d>P  is  the  time- 
rate  of  change  of  <t>{p)  due  to  collisions.  The  result  in  (5)  is 
particularly  interesting,  in  that  it  allows  (0c>to  beevaluated  in 
the  case  of  instantaneous  scattering,  and  this  result  to  be 
averaged  over  an  effective  collision  duration  tc,  weighted  by 
the  function  exp  (- t/Tc ).  If,  as  is  the  case  at  low  fields,  <0C> 
does  not  change  during  the  collision  duration  rc,  the  normal 
result  (t»rc)  is  obtained.  However,  in  large  fields,  where 
the  intra-collisional  field  effect  is  important,  the  variation  of 
( <j>c >  during  the  collision  becomes  important.  These  effects 
will  also  be  important  in  high-frequency  transport  where  the 
collision  duration  becomes  comparable  to  the  relaxation  times 
and  the  period  of  the  wave  [37] .  Fro.  i  the  form  of  (5),  we 
note  the  right-hand  side  (RHS)  is  such  that  the  nonzero 
collision  duration  must  be  combined  with  the  normal  non- 
Markovian  nature  of  transport  on  these  short-time  scales  [34]- 
[36] .  so  that  the  momentum  relaxation  time  must  be  con- 
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Fig.  3.  The  velocity  response  to  a  step,  homogeneous  field  of  20 
kV/cm  in  Si  is  shown  as  a  function  of  time  (a)  and  of  distance  into 
the  semiconductor  (b).  The  fully  retarded  collisional  interaction  is 
used  for  the  solid  curve,  while  an  instantaneous  collision  model  yields 
the  dashed  curve. 

volvcd  as  in  (5)  and  the  result  re-convolved  with  the  momen¬ 
tum.  The  details  of  this  will  be  presented  elsewhere,  but  the 
resulting  velocity-field  curve  for  Si,  calculated  for  f(E)  as  a 
retarded  and  drifted  Maxwellian,  is  shown  in  Fig.  2,  for 
£  II  <1 1 1>. 

Calculations  of  the  transient  response  have  also  been  made 
for  Si.  The  details  of  the  coupling  constants  and  phonon 
parameters  are  those  normally  accepted.  In  Fig.  3,  the  tran¬ 
sient  response  for  a  steady  homogeneous  field  of  20  kV/cm, 
applied  at  f  =  0,  is  shown.  The  response  for  a  retarded  colli¬ 
sional  interaction  rises  quicker  and  settles  faster  than  that  of 
the  unretarded  case.  The  quicker  rise  follows  from  the  re¬ 
tarded  momentum  relaxation  effects,  while  the  faster  settling 
occurs  due  to  retarded  energy  relaxation  effects  which  causes 
an  overshoot  to  occur  in  the  temperature  as  well. 

The  collisional  retardation  speeds  up  the  transient  process 
primarily  due  to  the  effect  of  slowing  down  changes  in  the 
effective  momentum  and  energy  via  collisional  relaxation  as 
well.  The  small-signal  ac  mobility  is  extremely  sensitive  to 
the  energy  distribution  function,  so  it  is  extremely  important 
that  any  simulation  technique  be  very  efficient  in  yielding  this 
portion  of  the  distribution  function. 

IV.  Diffusion  and  the  Autocok relation  Function 
One  of  the  most  fundamental  parameters  required  for 
modeling  semiconductor  devices  is  the  diffusion  coefficient 


D(E,  oj),  where  E  is  the  electric  field  and  u>  is  the  frequency. 
Not  only  is  the  diffusion  coefficient  necessary  for  evaluating 
operating  characteristics  and  high-frequency  characteristics,  it 
provides  a  fundamental  characterization  of  velocity  fluctua¬ 
tions  in  the  system  and  their  contribution  to  noise  in  the 
device  (38),  [39].  If  diffusion  is  relatively  well  understood 
for  low  fields,  this  situation  does  not  carry  over  to  the  case  of 
high  electric  fields  [39] ,  [40] .  The  general  case  for  high-field 
transport  in  semiconductors  differs  in  that  relaxation  of  the 
velocity  fluctuations  is  to  a  nonequilibrium  steady-state  [41] 
and  the  process  is  nonlinear  [42] ,  [43] . 

The  fluctuation  response  in  general  is  complicated  due  to  the 
many  physical  processes  involved,  but  the  velocity  fluctuation 
can  be  considered  as  having  two  main  contributions:  o'  = «;(/)  - 
<t>>  =  o"  +  u.  The  first  of  these  u,  is  the  velocity  fluctuation 
arising  from  a  fluctuation  in  carrier  energy:  u'  =  u(e  +  Ae)  - 
u(e);  while  the  second  0“  arises  from  velocity  fluctuations 
about  u  [43] ,  [44] .  These  various  factors  can  be  observed  by 
studying,  not  the  diffusion  coefficient  itself,  but  rather  by 
studying  the  velocity  autocorrelation  function  <>'(0>  which  is 
the  inverse  Fourier-cosine  transform  of  D(E,  to).  If  we  define 
<t>'(t)  as 

0'(O  =  +  to)  ~  <«»>]  M'o)  -  <«>]  >  (7) 

then  it  is  found  that  for  high  electric  fields  <p'(t )  decreases 
initially  as  an  exponential,  becomes  negative,  passes  through  a 
minimum,  and  relaxes  finally  to  zero  [43].  This  process  is 
basically  related  to  the  fact  that,  in  general,  energy  relaxation 
is  slower  than  momentum  relaxation,  and  the  above  behavior 
can  be  expected  to  occur  via  the  same  processes  which  lead, 
e.g.,  to  velocity  overshoot  [21  ] ,  [22] .  The  detailed  behavior 
of  4>'(t)  assumes  more  than  academic  interest  as  semiconductor 
devices  begin  to  assume  submicron  dimensions.  In  Si,  for 
example,  the  time  duration  of  0'(O  can  be  of  the  order  of  a 
picosecond.  So  as  channel  lengths  drop  below  say  0.3  tan, 
correlated  electron  motion  and  enhanced  noise  in  the  devices 
can  be  expected  to  occur. 

in  general,  the  diffusion  coefficient  D( to,  E)  depends  upon 
the  velocity  fluctuations  in  the  electron  system  and  is  related 
to  the  noise  power  spectral  density  S„(to)  associated  with  these 
fluctuations.  These  are  related  as  (for  longitudinal  diffusion) 

D(co,  £)  =  S„(g>)/4  =  f  $'(t)  cos  (wr)  dr 
-'0 

=  I  <[v(t  +  t)  -  <i>>]  [u(r)  -  (<;>]  >  cos  (cor)  dr 
Jo 

(8) 

where  all  velocities  ate  understood  to  be  longitudinal.  The 
principal  difficulty  in  calculating  transport  parameters,  and 
particularly  0'(f),  in  these  systems  lies  in  the  complicated 
energy  dependence  of  the  many  scattering  processes.  In 
the  past  few  years,  however,  ensemble  Monte  Carlo  tech¬ 
niques  have  been  developed  which  can  be  used  to  calculate 
these  transport  parameters  with  high  resolution,  and  this  has 
been  used  to  calculate  the  correlation  function  for  the  total 
velocity,  0(f)  =  <v(r  +  r0)  v(t0y>  =  0(f)  +  u):  (all  calculations 
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Fig.  4.  The  total  velocity  condition  function  «(r  -  r0)  *  <u(r)u(r0)>xs 
a  function  of  f  -  »o  for  an  applied  field  of  2S  kV/cm.  The  curvet  are 
normalized  to  <u2)  and  do  is  <u>1/<u1),  the  final  value.  The  individual 
parts  of  the  curve  are  discussed  in  the  text. 

shown  in  the  figures  have  0(f)  normalized  to  <»J>)  (40) .  The 
ensemble  of  electrons  was  initialized  as  a  Maxwellian  at  the 
lattice  temperature  300  K  and  was  assumed  to  reside  at 
x  =  0  at  f  =  0.  A  homogeneous  electric  field  was  applied  at 
/  =  0,  and  the  ensemble  allowed  to  evolve  in  time.  After  a 
reasonable  period  of  time,  the  ensemble  was  in  a  pseudo¬ 
equilibrium  with  the  field  and  had  a  steady  drift  velocity. 
After  this  pseudo-equilibrium  was  achieved,  the  longitudinal 
velocity  autocorrelation  function  0(f)  =  <ti(f0  ♦ 1)  v(t0))  was 
calculated  for  several  initial  times  r0 .  The  stationarity  of  the 
system,  therefore,  is  verified  as  well,  and  the  averaging  process 
was  carried  out  over  the  ensemble  as  well  as  over  various  initial 
times.  In  Fig.  4  is  shown  the  variation  of  0(f)  as  a  function  of 
time  f,  for  an  electric  field  of  25  kV/cm.  The  initial  fall  of 
0(f)  is  primarily  due  to  momentum  relaxation,  with  the  local 
minimum  and  subsequent  rise  due  to  energy  relaxation  as  sug¬ 
gested  by  Price  (43J .  The  error  bars  indicate  the  spread  of 
data  points  from  the  calculations  and  averaging  procedures. 

The  initial  exponential  decay  portion  is  significant.  The 
time  constant  of  this  portion  of  the  decay  of  0(f)  is  closely 
related  to.  and  slightly  larger  than,  the  momentum  relaxation 
time  rm  associated  with  the  chordal  mobility  v  =  vd/E,  rather 
than  the  differential  mobility  dvd!dE  (here  we  define  the 
effective  or  average  rm  =  m*p/e).  The  latter  quantity  has  been 
suggested  as  the  appropriate  quantity  for  longitudinal  diffu¬ 
sion  At  25  kV/cm,  the  velocity  is  becoming  very  nearly 
saturated,  so  that  the  differential  mobility  is  more  than  an 
order  of  magnitude  smaller  than  the  linear  mobility.  This 
difference  is  readily  distinguished  from  the  data  in  Fig.  4. 
The  decay  of  0(f)  varying  as  exp  (-f/r0)at  short  times  and  at 
25  kV/cm,  for  example,  is  best  fit  with  a  r0  of  7  X  10'14  s, 
while  rm  -  5.4  X  I0‘14  s.  The  results  of  the  decay  constant 
of  the  exponential  portion  of  0(f)  being  slightly  larger  than 
rm  appears  to  be  a  general  result,  as  it  was  checked  at  several 
other  values  of  electric  field.  In  Fig  5.  we  plot  the  variation 


Fig.  5.  The  deviation  of  r0  from  rm.  The  velocity  autocorrelation 
function  $(r)  decreases  initially  as  exp  (-f/r o).  Although  this  initial 
fall  corresponds  to  momentum  relaxation,  ro  >  rm. 


Fig.  6.  The  Laplace  transform  f0(r)  and  Fourier-cosine  transform 
5„(w)  (noise  spectral  density)  of  *’(f)  =  <(u(r  +  f0)  -  <u>|.  (u(r0  - 

of  t0It„  with  electric  field.  It  is  observed  that  r0/rm  in¬ 
creases  with  the  field, although  not  quite  linearly. 

In  Fig.  6,  the  Laplace  transform  and  Fourier-cosine  trans¬ 
form  of  0'(f)  are  shown  for  a  field  of  25  kV/cm.  Contrary  to 
linear  transport,  these  functions  are  not  simple  monotonically 
decreasing  functions  for  large  to.  Rather,  they  exhibit  peaks 
at  high  frequency.  The  origin  of  these  peaks  lies  in  the  en¬ 
hanced  high-frequency  conductivity  (37|  in  regions  where  the 
energy  relaxation  process  can  no  longer  follow  the  ac  field. 
Thus  these  peaks  have  their  origin  in  the  same  processes  that 
lead  to  velocity  overshoot.  The  oscillations  in  S„(u>)at  high 
frequency  appear  to  be  related  to  the  oscillations  at  long  time 
on  0'(r).  While  these  oscillations  may  not  be  real,  their  pres¬ 
ence  and  the  shape  of  S„(w)  has  also  been  observed  by 
Grondin  in  GaAs  (45).  From  this  figure,  it  is  apparent  that 
enhanced  noise  will  appear  in  Si  devices  at  frequencies  above 
*10"  Hz  and  that  correlated  carrier  motion  can  be  expected 
for  times  on  the  order  of  a  picosecond. 

V.  Conclusions 

In  the  above  sections,  we  have  examined  the  important 
time  and  distance  scales  that  are  important  in  small  semicon- 
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ductor  devices.  We  find  that  we  are  already  approaching  the 
lime  and  distance  scales  that  raise  serious  objections  to  usage 
of  a  semiclassical  approach  to  transport  theory  within  the 
device.  As  a  consequence,  major  modifications  are  required  to 
both  the  collision  interactions  in  the  BTE,  due  to  intra- 
collisions!  field  effects  arising  from  a  breakdown  of  the  inde¬ 
pendent  perturbation  approximation,  and  to  the  current 
response  equations  within  the  device.  In  this  last  case,  effects 
arise  not  only  due  to  spatial  and  temporal  relaxation  of  the 
carriers  and  charge  density,  but  also  due  to  retardation  effects 
within  the  current  response.  As  a  result,  frequency  and  power 
limitations  in  small  devices  can  be  expected  to  be  significantly 
different  from  predicted  values  based  upon  extrapolations 
from  large  devices.  As  an  example,  the  increase  in  drift  veloc¬ 
ity  expected  from  overshoot  and  intra-collisiona!  field  effects 
and  the  increased  breakdown  field  in  tire  small  device  both  act 
to  raise  the  estimated  figure  of  merit. 

In  the  previous  sections,  we  have  also  pointed  out  that  the 
velocity  autocorrelation  function  shows  marked  structure,  due 
to  the  strong  nonlinearities  of  the  hot  electron  transport  prob¬ 
lem,  and  that  much  of  this  structure  can  be  understood  in 
terms  of  the  competition  between  momentum  and  energy 
relaxation  processes.  These  effects  lead  to  a  local  minimum, 
which  is  negative,  which  causes  D(t)  to  exhibit  overshoot  char¬ 
acteristics  in  its  evolution  to  the  long-time  result.  This  over¬ 
shoot  behavior,  associated  with  the  competition  between 
momentum  and  energy  relaxation,  is  associated  with  that 
portion  of  the  Green’s  function  of  the  transport  equation 
which  leads  to  velocity  overshoot. 

The  detailed  nature  of  <>(r)  also  leads  to  an  enhanced  noise 
spectral  density  at  high  frequencies.  This  noise,  and  the  fact 
that  0(r)  extends  over  a  major  fraction  of  a  picosecond,  indi¬ 
cate  that  the  noise  properties  and  transport  properties  of  sub¬ 
micron  semiconductor  devices,  where  the  transit  time  can  be 
less  than  a  picosecond,  will  differ  from  their  properties  in  large 
devices.  In  particular,  correlated  electron  motion  can  be 
expected  to  play  a  significant  role,  leading  to  a  breakdown  of 
traditional  semiconductor  equations. 
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Resume.-  Pour  caracteriser  le  bruit  de  cocposants  en  regime  d ' el ec t rons 'chauds , 
on  resoud  1 'equation  de  Langevin  en  incluant  les  effets  du  temps  de  relaxation 
de  l'energie  et  du  moment  dans  1 ' approximation  d'une  distribution  maxwellienne 
deplacee.  On  tient  aussi  compte  de  la  dcree  de  collision  qui  peut  etre  tine 
fraction  non  negligeable  du  temps  de  relaxation  de  l'energie  et  du  moment.  On 
sait  que  la  densite  spectrale  de  puissance  de  bruit  et  par  suite  le  coefficient 
de  diffusion  (en  petits  signaux)  et  la  fonction  d ' au tocorrel a t ion  de  la  vitesse 
sont  reliees  a  la  conductivity  microondes  des  semi conduc teurs  (pour  les  petits 
signaux).  Les  composantes  transve rsales  et  longitudinales  de  ces  grandeurs  sont 
calculees  en  incluant  leur  dependence  de  la  duree  de  la  collision.  Un  calcul 
nueerique  utilisant  les  Constances  du  silicium  a  ete  developpe  et  montre  la 
contribution  importance  des  durees  de  collision  non  nulles. 

Abstract.-  To  obtain  the  noise  properties  of  devices  under  hot  electron  condi¬ 
tion,  Langevin's  equation  is  solved  including  the  effects  of  energy  and  momen¬ 
tum  relaxation  time  in  the  displaced  oaxwellian  distribution  approximation.  The 
collision  duration,  which  can  be  a  significant  fraction  of  energy  or  momentum 
relaxation  time  for  very  small  structured  devices,  is  also  included.  It  is  known 
that  the  noise  power  spectral  density  and  thus  the  small  signal  diffusion  co¬ 
efficient  and  velocity  auto-correlation  are  related  to  tbe  small  signal  micro- 
wave  conductivity  of  semiconductors.  Both  the  transverse  and  longitudinal  com¬ 
ponents  of  these  quantities  are  calculated  including  their  dependence  on  the 
magnitude  of  collision  duration.  Numerical  calculation  using  the  constants  of 
silicon  has  been  performed  and  it  shows  the  significant  contribution  of  the  non¬ 
zero  collision  duration. 


I .  INTRODUCTION 

It  is  wel 1 -known  that  the  microwave  conductivity  of  semiconductors 
varies  as  a  function  of  frequency  and  that  this  functional  dependence  becomes 
quite  complicated  when  hot  electron  transport  is  included  [1],  This  occurs 
because  one  rust  consider  not  only  the  momentum  relaxation  time  of  the  carriers 
but  also  the  energy  relaxation  time  and  any  consequent  differential  repopu- 
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latlon  in  many  valley  systems  [?-<).  In  particular,  enhanced  conductivity 
arises  at  high  frequencies  due  to  the  process  of  velocity  overshoot.  In 
small  semiconductor  devices,  the  time  scale  of  carrier  transport  through  the 
device,  with  the  expected  high  fields  present,  is  such  that  the  device  dynamics 
may  well  be  dominated  by  the  transient  response  characteristics  of  the 
carrier  velocity  and  distribution  function  [5].  However,  if  this  becomes 
the  case,  major  modifications  are  required  to  the  6olt2mann  transport  equa¬ 
tion  [6]  and  to  the  current  response  equations  within  the  devices  [7,8].  The 
fact  that  the  relaxation  times  are  varying,  due  to  the  evolving  of  the  average 
energy,  on  the  same  time  scale  appropriate  to  the  velocity  retponse  and  that 
a  finite,  non-zero  collision  duration  exists  both  lead  to  a  complicated, 
multiply-convolved  form  for  the  transport  balance  equations  [8). 

Tt  is  also  known  that  the  noise  properties  of  semiconductors  are 
related  to  the  hot  electron  microwave  conductivity  [9,10,11,12].  For 
an  example,  the  noise  power  spectrum  is  proportional  to  the  real  part 
of  the  microwave  conductivity.  As  the  noise  power  spectrum  is  related 
to  the  velocity  auto-correlation  through  Fourier  transform  and  also  to 
diffusion  co-efficient,  all  these  qantities  can  be  obtained  from  the 
knowledge  of  microwave  conductivity  as  a  function  of  frequency.  Recently 
this  microwave  conductivity  has  been  calculated  in  the  non-zero  collision 
region  [13],  applicable  for  a  single  valley  semiconductor.  The  purpose 
of  the  present  paper  is  to  extend  the  calculations  to  multivalley  case  and 
relate  them  to  the  noise  power  spectrum,  velocity  auto-correlation  end 
diffusion  co-efficient  through  the  solution  of  langevin's  equation. 

1 1  •  MICROWAVE  CONDUCTIVITY 
i )  Parallel  polarization  case 

Let  us  consider  that  the  semiconductor  is  under  the  influence  of  a  d.c. 

bias  electric  field,  F  ,  in  addition  to  the  microwave  field  given  by  Fie-"1 

where  F^ F^  <  <  1  and  u>  is  the  angular  frequency  of  the  microwave  field. 

For  the  parallel  polarization  case  we  assume  that  the  direction  of  Fj  and  Fq 

is  collinear.  Using  the  formulation  outlined  in  ref.  13  it  is  easy  to  show 

the  following  equations  for  the  perturbed  drift  velocity  v.je',u)^  in  the 

oresence  of  a  d.c.  value  v  .  Before  we  write  down  the  equations  we  note 
r  o 

that  the  inclusion  of  a  non-zero  collision  time,  t  .  does  not  chance  the 
final  equilbriur,  value,  v  .  Also  the  only  change  in  the  momentum  and 

energy  balance  equations  imposed  by  tc  is  to  change  the  momentum  relaxation 

tine  7  by  *  (1«Jut  )  and  the  eneray  relaxation  time,  t  by  t  (1  +  jiui  ). 
rr.  m  c  e  c  t 

Thus  for  a  single  valley  case,  one  obtains 

mv1T  nv  r'T.  eF,  » _ _ _ 

1  no  o  n  1  1  entum  /i> 

^^1  T+jurr^  i  +  ro  balance). 


♦  ^  ^V0Fl  +  vlF0^  (energy  balance)  (2) 
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in  is  the  effective  mass  of  the  carriers,  k  is  the  Boltzmann's  constant,  T 
is  the  effective  temperature  in  the  displaced  Maxwellian  distribution 
approximation  and 


1  _  p  _  p  ♦  r*  T  e^ut 

t  m  mo  m  1 
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The  subscript  "o"  denotes  the  equilibrium  value  and  the  prime  denotes  the 
differentiation  with  respect  T  taken  at  T = T  .  Both  xm  and  are  effective 
relaxation  times  which  include  the  effects  of  all  possible  forms  of  scatter¬ 
ing  mechanisms  relevant  for  the  case  (e.g.  acoustic,  optical,  interval  ley 
phonons,  impurity  scattering  etc.). 

For  the  two-valley  case,  following  ref.  14,  one  obtains  the  following 
modified  equations. 
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(energy  balance) 

=  -n.,f.-n.  r’  +n..r  +n.  f'  . 

J  ll  ll  ni  10  m  ji  nj  jo  nj 

nll  +  n21  =  (number  balance) 

The  subscripts  i,  j  =1,  2  and  denotes  the  various  parameters  for  the  two 

valleys,  i  and  t..  denotes  the  relaxation  times  associated  with  the  number 
3  ’  m  ij 

balance  and  intervalley  phonon  respectively. 


1 

ni 


The  quantities 
cha-acteristic 


r  r  r:  and  r*  ■  are  functions  of  T.  only.  k9  is  the 
ij’  nj’  ij  nj  J 

phonon  temperature  used  in  equ.  (4)  only  for  convenience. 


Fquations  (3-5)  can  be-solved  to  obtain  an  analytical  expression  for  the 
effective  microwave  conductivity,  However,  it  is  rather  cumbersome 

although  stra ightforward  and  will  not  be  given  here.  For  numerical  calcula¬ 
tions  it  is  better  to  tackle  the  equations  directly.  The  above  equations 
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can  also  be  extended  in  a  rather  straightforward  manner  for  the  nulti- 
valley  case  having  more  than  two  valleys. 

For  the  single  valley  case,  however,  one  obtains 


I'jjM 


l+j<tftc-n(w) 


o  ’i+jutm0(Wju7c  )+n(u) 


(6) 


where  v  =  — 
o  mr 


mo 
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rTuTr 
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and 


y{ui)  =  1  ♦  re  4  7  j^eo^+jun  ) 

eo  t 


i i )  Perpendicular  polarization  case. 


If  F.j  is  normal  to  Fo  then  the  perturbation  in  effective  temperature 
is  2ero  for  first  order  calculations.  Thus  for  this  case  equ.  (1)  simpliesto 
v.r  eF. 

1  mo  .  1  »7\ 

Juv  =  .  7TT_  +  —  (7) 


1  i+jurrc  m 


From  this  we  immediately  obtain 
1+juT^ 

.  li  (u)  =  U 


o  .  n  : 

l-u  1  7  +Jurf 

mo  t  mo 


(8) 


For  the  two  valley  case  one  obtains  for  each  individual  valley,  an  expression 
for  mobility  given  by  equ.  (8).  The  microwave  conductivity  for  the  two 
valley  case  is  given  by 

n10lV|(ui)+Wj2((a) 


V  (<u)  * 


"lO4  n20 


(9) 


III.  HOT  El: C T RON  NOISE  PROPERTIES. 


To  obtain  hot  electron  noise  properties  one  need  to  solve  the  lancevin's 
equation.  For  this  purpose  one  assumes  that  a  bias  electric  field  is 

applied  across  the  semiconductor  in  addition  to  the  small  fluctuating  random 
electric  field.  Thus  the  c-.fference  between  the  problem  solved  in  the  last 


section  and  that  of  langevin's  equation  is  that  one  should  consider  E^  as 


the  spectral  exponent  of  tne  fluctuating  electric  field.  As  the  equations 
( 1 ) - (6)  are  linear  equations  around  a  bias  electric  field,  the  solution  of 
the  langevin's  equation  is  equivalent  to  that  discussed  in  references  [S  and 
12].  The  noise  spectral  density  for  the  equivalent  noise  voltaoe  d(iu) 
for  the  single  valley  case  is  given  by  for  the  parallel  polarization  case 


ilu)  ■-  A2r.T  (nQe)  Re  L  j j  ( <u) 


(10) 
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where  A  includes  the  dimensional  factors.  For  the  perpendicular  polarization 
case  Uj]  is  replaced  by  the  Applying  Weiner-Khintchin  theorem  one 

obtains  the  velocity  auto-correlation,  <  v(t)v<t+T)>,to  be  given  by 

<v(t)v(t+t)>  «  F*^[ur(w)]  1^) 

where  denotes  inverse  Fourier  transform  and  (tu)  is  the  real  part  of 
the  microwave  mobility.  As  the  diffusion  co-efficient  D(u)  is  related  to 
the  Fourier  transform  of  velocity  auto-correlation,  one  obtains  its  value 
from  the  extended  Einstein  relationship 


ReD(u.)  -  ^  pr 

where  R  denotes  the  real  part, 
e 

Numerical  results  and  discussion 


(12) 


The  small  signal  microwave  conductivity  was  calculated  for  Si  for  an 
applied  d.c.  field  at30KvCm~\  The  scattering  mechanisms  and  coupling 
constants  are  those  used  previously  for  Si  [15-17].  The  real  and  imaginary 
part  of  p  are  defined  as 

P  =  Pr  +  jupj  O3) 

and  are  plotted  in  fig.  1  and  2  for  the  parallel  and  perpendicular 
polarization  cases  respectively.  The  peaking  at  high  frequencies  is  more 
pronounced  in  the  presence  of  the  non-zero  collision  duration,  a  result 
expected  from  calculations  of  overshoot  velocity-itself . 


Fig.  I.  Parallel  Polarization:  The  real  (a)  and 
imaginary  (b)  parts  of  the  a.c.  small  signal  mobility 
for  an  applied  d.c.  field  of  30  kV  cm'l  inSi.  The 
solid  curve  includes  the  effect  of  a  finite,  non-zero 
collision  duration,  while  the  dashed  curve  ignores 
this  effect. 
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The  peaking  observed  leads  to  an  interesting  shift  of  the  apparent 
plasma  edge  in  the  semiconductor.  In  fig.  3  we  plot  the  reflectivity 
] R |  defined  below  for  the  parallel  polarization  case. 


« •  li-JJ  <>*> 

♦  il 

where 

f  neZw(oi)  I 

€  =  y  ■ j  -=vrj 

and  cs  is  the  static  dielectric  constant  of  the  semiconductor  and 
co  is  vacuum  permittivity.  Three  curves  are  shown  in  fig.  3.  The 


Fig.  2  Perpendicular  Polarization:  The 
real  (a)  and  imaginary  (b)  parts  of  the 
a.c.  small  signal  mobility  for  ar,  applied 
d.c.  field  of  30  kV  cm-'  in  Si. 


fig.  3.  The  reflectivity  of  Si  in  a  high  electric 
field.  Tne  dotted  curve  assumes  cold  carriers  with 
mobility  p  ,  but  a  different  chordal  nobility.  The 
solid  curve  includes  the  effect  of  the  finite 
collision  duration.  A  doping  of  10'®  cr."^  is 


dotted  curve  assumes  cold  carriers  with  mobility  uQ  while  the  dashed 

curve  assumes  hot  carriers  with  the  same  g  but  a  different  chordal 

mobility.  The  solid  curve  includes  the  effect  of  the  finite  collision 

18  -3 

duration.  A  doping  of  10  cm  is  assumed.  It  is  observed  that  the 
presence  of  hot  carriers  merely  serves  to  smooth  the  apparent  plasma 
edge.  However,  for  f  0,  the  minimum  shifts  significantly  to  higher 
frequencies. 

The  velocity  auto-correlations  obtained  by  directly  Fourier  trans¬ 
forming  ur(o>)  is  shown  in  figs.  4  and  5  for  the  two  polarisation  cases. 
As  expected,  it  is  observed  that  the  inclusion  of  non  zero  collision 
duration  contributes  significantly  to  the  negative  swing  of  the  velocity 
auto-torrelation. 
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In  conclusion,  the  small  signal  microwave  conductivity  of  semi¬ 
conductors  in  the  hot  electron  condition  has  been  obtained  in  the  non¬ 
zero  collision  regime  which  in  turn  has  been  used  to  obtain  noise  properties. 


Fig.  4.  Velocity  auto-correlation 
for  the  parallel  case.  Units  are 
a-bi trary . 


Fig.  5.  Velocity  auto-correlation 
for  the  perpendicular  case.  Units 
are  arbitrary. 
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Limitations  to  Ballistic  Transport 
in  Semiconductors* 

D.  K.  FERRY,  J.  Z1MMERMANN**,  P  LUCL!,  and  H.  GRUBIN 


Abstrac /-Limitations  to  (he  range  of  ballistic  transport  in  semicon¬ 
ductors  are  discussed  on  the  basis  of  electron  correlation  within  an 
ensemble.  It  is  shown  that  transport  equations,  correct  in  the  fast  tran¬ 
sient  regime,  include  these  correlation  effects. 

IN  recent  months,  it  has  become  necessary  to  talk  about  bal¬ 
listic  transport  in  very  short  semiconductor  devices  (1-3|. 
Usually,  it  is  assumed  that  if  the  device  dimension  is  smaller 
than  an  average  free  path,  based  upon  a  value  interpreted  from 
the  low-field  mobility,  collisions  will  not  be  important.  The 
basis  for  this  is  usually  placed  on  the  often-used  semiempiricai 
transport  equations  ( 1 ,4] . 

-  qF-mvdlTm,  (1) 

jrE  =  qvdF-(E-E0)/re,  (2) 

where  E  and  E0  are  the  average  and  zero-field  energies,  and 
Tm  and  Te  are  the  empirical  momentum  and  energy  relaxation 
times,  respectively.  However,  it  has  been  pointed  out  that  these 
equations  neglect  boundary  conditions  [5,6]  and  indeed  neg¬ 
lect  spatial  inhomogeneities  which  can  be  dominant  (6-8 j. 
Ballistic  transport  is  usually  treated  by  seeking  the  response  to 
(l)-(2)  of  a  pseudoparticle,  the  so-called  average  electron,  as 
it  evolves  under  the  field.  However,  even  without  considering 
the  complications  due  to  spatial  inhomogeneities.  these  equa¬ 
tions  are  incorrect  for  treating  the  fast,  transient  response  of 
carriers  in  semiconductors. 

A  conduction  electron  in  a  semiconductor  is  not  a  tree 
electron  Within  the  effective  mass  approximation,  the  conduc¬ 
tion  electron  is  a  quasiparticle  whose  effective  mass  describes 
an  averaged  (and  renormalized)  interaction  with  the  atoms  and 
the  bound  electrons.  It  should  be  apparent  that  the  correlation 
between  electrons  is  of  importance  This  is  more  evidenced 
when  it  is  recognized  that  die  kinetic  equation,  such  as  the 
Boltzmann  transport  equation,  for  the  average  single -particle 
distribution  function  is  an  approximation  to  the  full  mam  - 
body  problem  o!  large  numbers  of  conduction  electrons  [9.10] 
While  it  is  possible  to  project  such  single-particle  equations, 
diese  must  be  cast  so  description  of  the  correlations  between 
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the  electrons  -  the  correlation  functions  -  is  recoverable. 
Indeed,  it  was  just  this  view  that  led  Kubo  to  formalize  trans¬ 
port  theory  entirely  in  terms  of  the  correlation  functions  (II. 
12|.  Wc  propose  to  show  how  proper  treatment  of  the  initial 
transient  response  limits  the  range  of  ballistic  transport. 

in  a  semiconductor  subject  to  an  applied  electric  field,  the 
carriers  respond  to  this  field  as  well  as  to  a  random  force  which 
leads  to  velocity  fluctuations  as  well  as  to  the  concept  of  tem¬ 
perature  (thermal  fluctuations).  The  response  to  the  applied 
field  (applied  at  f  =  0)can  be  written  as  (12] 

vd(t)  =  (eF/m*)  f  <t>v(r\0)dr\  (3) 

o 

where  £„(/', 0)  is  the  non-stationary,  two-time  velocity  auto¬ 
correlation  function  whose  amplitude  is  normalized  to  unity 
at  f'  =  0.  Although  Kubo  obtained  (3)  for  the  equilibrium  situa¬ 
tion,  its  validity  has  also  been  established  for  the  non-equilib¬ 
rium,  high-field  case  [13],  A  linear  increase  of  the  velocity 
(vd  -  eFt/m*)  can  only  occur  so  long  as  (5,.  is  constant  in  time. 
To  demonstrate  this  period,  we  have  calculated  the  transient 
dynamic  and  velocity  autocorrelation  function  for  silicon, 
using  an  ensemble  Monte  Carlo  approach  used  previously  ( 14] . 
Figure  1  shows  the  initial  decay  of  O^f  ./oKf’  >r0)  for  three 
different  values  of  ta  including  tQ  =0.  What  is  evident  from  this 
figure  is  that  the  time  duration  over  which  d>v-  is  constant,  and 
for  which  the  velocity  rises  in  a  ballistic  manner,  is  exceedingly 
short,  perhaps  only  0.004  psec.  even  rhough  the  mean  free 
time  (~.16  psec  at  r  =  0)  is  much  longer.  The  decay  of  Ov 
represents  a  decay  in  the  correlation  of  the  velocity  fluctua¬ 
tions  as  well  as  3n  increase  in  the  dissipation  because  ot  col¬ 
lisions.  This  is  due  to  the  fact  that  collisions  start  to  break  up 
the  correlation  as  soon  as  they  occur,  but  the  relaxation  time 
is  a  hydrodynamic  average  over  the  ensemble  rather  than  a 
value  for  actual  collisions. 

Equations  such  as  (1)  and  (2),  although  incorrect  for  time- 
scales  of  the  order  t  <  r„, .  have  proven  themselves  extremely 
useful  in  device  modeling.  Equivalent  versions,  correct  even  on 
the  short-time  scale,  have  been  obtained  reccntlv  (15-17). 
These  are  given  by 


rn*  =  qE-m *  J  dt  A',  fl’  \  vj  (t  -  r') .  (4) 

ut  o 


=  qFvj{t)[\-0A'  0)\  -  f  <Jr'lE<r-r')-E0l  X,(r'). 


where  A",  and  A',-  are  decav  Junctions  related  to  the  velocity 
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Fig.  1.  Normalized  velocity  autocorrelation  function  for  electrons  in  Fig.  2.  Response  of  the  average  energy  of  an  ensemble  of  electrons  in 
silicon.  <t>v(t-t0),  for  three  initial  times  tQ.  The  function  <t>v  is  con-  silicon  for  £=50  kV/cm  applied  at  /  =  0.  The  data  points  arc  calcu- 
slant  only  for  a  very  short  time.  latcd  by  an  ensemble  Monte  Carlo  technique. 


and  energy  correlation  functions.  Indeed,  die  time  integrals 
of  Xv  and  Xe  give  the  relaxation  rates  l/rm  and  \/rc  in  the 
limit  as  t  -*  <*>.  In  this  regard,  (4)  is  particularly  consistent  with 
the  correlation  function  approach  of  (3)  as  it  is  an  ensemble 
average  of  a  generalized,  retarded  Langevin  equation  (13]. 
Except  for  the  details  of  the  correlation  function  and  the  con¬ 
volution  in  the  relaxation  term.  (4)  differs  little  from  (1 ).  Such 
is  not  the  case  for  the  energy  equation  (5)  because  of  the 
presence  of  the  memory  function  in  the  driving  term. 

One  problem  in  treatment  of  so-called  ballistic  transport 
has  been  in  handling  the  energy  equation.  In  these,  ^has  been 
treated  as  the  drift  energy.  In  actual  fact,  the  energy  is  domi¬ 
nated  by  the  random  (thermal)  motion  of  the  carriers,  and  it 
is  the  total  energy  which  must  be  treated  in  equations  such  3$ 
(2)  or  (5)  In  this  regard,  the  form  of  (5)  becomes  obvious. 
The  dominant  energy  is  the  thermal  energy  and  the  memory 
function  represents  a  prolonged  correlation  of  the  velocity 
fluctuation  spectrum  with  the  equilibrium  state.  When  the 
electric  held  is  switched  on  at  t  =  0.  the  ensemble  responds 
instantaneously  with  a  shift  in  momentum  space  correspond¬ 
ing  to  the  Held  and  time.  Thus,  the  velocity  begins  to  rise 
instantaneously  However,  spreading  of  the  ensemble  (increase 
ot  fluctuations)  that  leads  to  an  increase  in  temperature  does 
not  begin  instantaneously.  Rather,  the  spread  of  the  ensemble 
is  characteristic  ol  the  thermal  motion  of  die  individual  cat- 


consequence,  the  transient  regime  must  be  treated  so  that  the 
important  role  of  correlation  among  electrons  can  be  included. 
Indeed,  these  results  indicate  that  ballistic  response  occurs  on 
time  scales  shorter  than  in  silicon  and  that  any  high  velocities 
greater  than  the  steady-state  must  arise  not  from  ballistic 
effects,  but  from  overshoot  effects  caused  by  the  details  of 
energy  and  momentum  relaxation  (18,19).  The  importance  of 
contacts  and  boundary  conditions  is  also  clearly  evident  from 
(3),  as  these  determine  tire  “equilibrium”  state  of  the  carriers 
at  /  =  0. 
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INTRODUCTION 


Over  the  last  two  decades,  the  electronics  industry  has  been  involved  in 
an  ongoing  revolution  in  digital  large-scale  Integration  (LSI).  This  digital 
revolution,  spawned  in  the  late  1960's,  is  leaving  a  permanent  imprint  on 
all  aspects  of  life  today,  especially  as  the  implementation  of  microelectronics 
has  spread  to  the  consumer  industry.  Fueled  by  the  drive  to  less  expensive, 
but  more  complex  and  sophisticated,  integrated  systems,  the  growth  of  LSI 
has  in  fac’  been  phenomenol.  The  complexity  of  these  circuits,  in  terms  of 
the  nur‘  r  of  individual  devices  on  a  chip,  has  approximately  doubled  each 
vee  over  t'-is  time  span.  This  is  shown  in  Fig.  1.  There  are,  of  course, 
several  factors  which  contribute  to  this  increase  in  complexity,  including 
major  effects  arising  from  increased  die  site,  increased  circuit  cleverness, 
and  reduced  device  size.  This  latter  factor,  reduction  of  the  individual 
feature  sire  in  u  device,  is  of  paramount  importance  and  dimensions  of  labora¬ 
tory  systems  are  currently  down  to  the  sub-olcrometer  range.  Indeed  in  Fig.  2, 
the  leukeriu  virus  is  overlaid  over  a  modem  Integrated  circuit  in  order  to 
e-.phaslre  the  smallness  of  individual  devices  today.  Progress  in  the  micro¬ 
electronics  area  is  tied  inevitably  to  the  ability  to  continue  to  put  ever 
increasing  numbers  of  smaller  devices  or.  a  chip;  i.e.--the  continual  move  to 
ve ry- large-scale  integral  ion  (VLSI)  will  be  of  paramount  importance  to  this 
continued  progress,  it  is  apparent  that  extrapolation  of  today's  technology 
-ill  produce  individual  devices  whose  dimensions  are  of  the  order  of  0.1-0. 3 
micrometers  |3-7).  On  the  other  hand,  the  advent  of  high ■ resolution  electron, 
X-ray,  molecular,  and  ion.  beam  lithography  is  leading  us  toward  an  era  in 
W- ich  individual  feature  sizes  might  well  be  fabricated  on  the  molecular  scale 
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Figure  1.  Crovrth  of  circuit  complexity  in  large-scale  integrated  systems 
according  to  Moore  (ij. 


Figure  2.  Projection  of  a  leukemia  virus  cell  onto  a  modern  integrated 
circuit  (2).  The  outline  of  the  devices  is  the  size  of  the  virus  cell. 
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balance  Cells  us  Chat  the  electron  CeaperaCure  Increases  with  Increasing  elec-  > 
trie  field  and  departs  significantly  from  root*  teneprature  when  the  electric 
field  exceeds  a  threshold  value.  The  effect  of  the  Increasing  electron  teaper-  * 
a  cure  Is  to  decrease  the  average  collision  tine  and  to  decrease  the  steady- 
state  velocity,  given  by  (3).  If  the  momentum  and  energy  scattering  tlaes  are  \ 
similar  In  value,  then  both  aoaentua  and  energy  will  follow  changes  In  electric 
field  at  approximately  the  same  rate  and  the  solid  curve  of  Fig.  3  describes 
the  approach  to  steady-state.  On  the  other  hand,  if  the  energy  scattering  j 

time  Is  significantly  longer  than  the  momentum  scattering  time,  the  average 
velocity  of  the  carriers  will  find  Its  value  continually  corrected  until  steady-  : 
state  in  the  energy  distribution  Is  reached.  The  velocity  will  then  relax  In 
the  manner  shown  by  the  dashed  curve.  A  similar  situation  may  be  expected  when  i 
the  electric  field  Is  decreased,  for  here  It  also  takes  a  finite  time  for  the 
electric  field  to  decrease  and  for  the  electron  temperature  to  decrease. 


Most  field-dependent  velocities  and  values  for  the  saturated  velocity 
assume  that  steady-state  conditions  are  reached.  Clearly,  this  Is  not  the  case 
in  very-small  devices.  In  Fig.  4,  we  show  the  average  velocity  as  a  function 
of  distance  for  electrons  In  SI  seeing  an  electric  field  of  50  kV/cra.  Also 
seen  Is  the  small  change  Induced  by  retardation  of  the  transport.  It  Is  clear 


that  the  relaxation  rates  T"1  and  T“1  are  evolving  on  the  same  time  scale 


as  the  velocity  response  Itself  and  that  correlated  motion  needs  to  be  considered. 
Indeed,  the  correlation  function  for  electrons  in  Si  is  shown  In  Fig.  5  and  6 
The  vertical  scales  are  shifted  to  allow  ease  of  plotting.  What  is  clear  here 
is  that  $(t)  (the  stationary  quantity)  lasts  for  a  time  fully  comparable  to  the 
transient  portion  of  the  velocity  response.  In  fact,  it  can  be  shown  that  (13] 


si  r 

ml  J 


♦(o.t')  dt* 


where  I  =  <v  (o)>  and  d(t",t')  is  the  general  non-stationary  two-time  correl¬ 
ation  function  (♦(t",t‘)  -*•  $(t)  for  t'  ♦  t"  +  t  and  t"  •*  »].  The  proper  treat¬ 
ment  of  transport  in  the  transient  regime  thus  requires  inclusion  of  memory 
functionals  which  are  beyond  che  channel  Boltzmann  equation  approach  (14].  This 
leads  to  modifications  of  the  relaxation  terms  in  (1)  and  (2).  The  results  for 
Si  are  also  shown  in  Fig.  4.  It  is  evident  however,  that  if  the  channel  were 
only  200  A  long,  the  velocity  would  never  reach  steady-state.  While  this  is  a 
very  short  distance,  the  effect  is  pronounced  in  the  III-V  materials  and  resulcs 


Figure  3.  Approach  to  steady-state  of  the  velocity  response  with  and  without 
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nlng  co  dominate  the  interconnection  capacitance  ac  a  particular  node.  As  a 
result,  the  above  simplification  Is  likely  to  be  seriously  In  error  for  submlcr 
configured  VLSI  systeas,  where  the  lsolatloo  of  one  device  froa  another  (and  kjrj 
generalization,  from  the  surrounding  environment  of  Insulating  and  conducting 
regions)  will  be  difficult  to  achieve. 


The  possible  device-device  coupling  mechanisms  are  numerous  and  Include  ;{ 
such  effects  as  capacitance  coupling,  the  line-Co-llne  parasitic  effect  men-  ( 
tioned  above,  and  wave-function  penetration  (tunneling  and  charge  spill-over)  :i 
from  one  device  co  another.  Formally,  however,  one  may  describe  these  effects  i 
on  system  and  individual  device  behavior  by  assuming  the  simplest  form  of  Inter¬ 
device  coupling  —  nearest  neighbor  coupling  —  and  using  the  formally  exact 
Liouvllle-von  Neumann  density  matrix  equation  for  the  full  system  to  unravel 
how  the  system  behaves.  This  task  has  been  described  previously  from  various 
different  viewpoints  (16,17),  and  the  basic  Ideas  are  reviewed  below  in  order 
to  provide  a  baseline  to  which  the  system  approach  can  be  compared. 


In  the  present  context,  a  VLSI  system  is  defined  ns  a  net  of  N  spatially  a 
delineated  structures,  e.g.  contacts,  devices,  Interconnects,  isolation/ insulator! 
regions,  etc.  Control  over  the  system  is  exercised  via  a  sec  of  applied  fields  & 

(or  voltages)  and  input  and  output  currents.  These  are  labeled  F^  c  (1  “  1 . N)’. 

where  F£xC  is  the  set  of  generalized  applied  forces  acting  on  the  1-th  element.  .$ 
The  applied  generalized  forces  give  rise  to  local  applied  forces  F*  which  are  the'S 
self-consistent  solutions  of  the  appropriate  macro-equations,  e.g.,  Poisson's  S 
equation  and  current  continuity  equation.  The  latter  depend  upon  the  dynamical  \i 
variables  of  the  elements  concerned,  and  these  variables  are  completely  specified 
as  quantum  statistical  expectation  values  of  the  individual  device/element  den¬ 
sity  matrix  p(i;t).  If  there  is  no  coupling  between  devices,  we  have  simply 
the  set  of  N  Liouville-von  Neumann  equations  of  motion  (using  units  such  that 
=  1) 

i  o(i;c)  =  H(i)o (i; t)  ,  (5) 

where  H  =  (h., ,,]  is  the  commutator  generating  Hamiltonian  super-operator. 

H(i)  =  H(i,Fx(c))  is  the  Hamiltonian  for  device  i  and  is  assumed  to  be  time 
dependent  through  the  coupling  to  the  generalized  time  dependent  forces  F1. 

If  the  device-environment  coupling  occurs  on  a  time-scale  fast  compared  to 
processes  within  the  device,  (5)  can  be  reduced  to  a  single  : ^  which  satis¬ 

fies  (16] 

3C  .  .  . 

ih  -  Hjo  +  H  p  +  £(o)p  ,  (6) 

ut  -  d  edd  L  d 


where  is  the  Hamiltonian  for  the  single  device,  H  ^  is  the  renormalization 
tern  for  the  effective  real  part  of  the  device-environment  interaction,  and 
) (o)  is  a  dissipative  tern  for  losses  to  the  environment,  such  as  surface- 
roughness  scattering  in  an  HOS  system.  The  term  in  Hecj  is  critical,  in  chat 
regularity  in  the  replication  of  the  devices,  such  as  an  array,  can  lead  to 
complece  renomal  izat  ion  of  the  energy  structure  and  super-lattice  behavior. 

Second.,  fate  1 15 j  has  proposed  a  surface  super-late  ice  structure  that 
formally  is  similar  to  a  charge-coupled-device  (CCD)  array,  the  device  dimen¬ 
sions  recuir-a  -.ere  1000  ?.  spacings  for  the  array,  which  is  beyond  c'ne  current 
VLSI  technoler  .  but  within  the  licics  of  research  efforts  in  electron-  anc  ion- 
beam  1 1 thograr- . .  Although  such  lateral  super- latt ices  are  interesting  in  their 
own  right,  sin-,  they  easily  alLow  full  three-dimensional  quantization  within  a 
quantized  inversion  layer,  they  are  especially  interesting  as  they  should  also 
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Figure  10.  (a)  Value  of  gate  center-Co-center  spacing  required  for  a 

super-lattice  to  form  with  n/4=6kBt,  where  n  is  the  reduced  energy  L22L. 

the  mini-gap.  These  effects  are  well  known  in  bulk  semiconductor  materials, 
leading,  for  example  to  correlation  contributions  [23]  to  band-gap  narrowing 
[24],  Whereas  a  coulomb  contribution  to  the  potential  of  a  few  millivolts  is 
small  when  compared  to  a  band-gap  of  1-2  volts,  it  can  be  a  dramatic  effect  on 
a  mini-gap  whose  total  value  is  only  10  millivolts  or  so.  This  effect  was  care¬ 
fully  examined  by  Kroemer  [19]  for  the  case  of  a  one-dimensional  super-lattice, 
such  as  can  occur  in' an  organic  chain  molecule  or  polymer.  The  basic  idea  is 
of  course  chat  charge  fluctuations  across  the  inini-gap  lead  to  a  coulomb  poten¬ 
tial  of  q  •  g  •  2kp,  so  that  the  conditions  for  a  Kohn  anomaly  (25)  are  already 
satisfied.  While  we  have  been  concerned  with  optical  pumping  of  the  electrons, 
i:  snould  be  pointed  out  thac  optical  pumping  of  the  phonons  can  lead  to  phase 
transitions  as  well  [26]. 

If  a  population  is  induced  by  some  technique,  there  exists  the  possibility 
of  aeroes  appearing  in  the  dielectric  response.  In  this  case,  a  non-zero  value 
c:  V  can  exist  without  the  application  of  the  external  field  V  .  This  means 
t:  a:  the  super-lattice  potential  can  be  set  up  by  a  charge  instability  under 
th:  gates  themselves.  While  it  was  initially  pointed  out  that  this  charge 
affect  on  c  was  similar  to  a  Kohn  anomaly,  the  instability  itself  is  a  classic 
example  of  a  Peierl’s  instability.  The  charge  instability  spontaneous  leads 
t.‘  ;  charge-density  wave  which  creates  the  lattice  potential.  This  behavior 
illustrated  ir.  Fig.  11. 

If  suitable  materials  are  selected,  it  .'ppearr.  that  lateral  super-lattices 
car.  be  tabricated  by  today's  technology,  or  indeed  can  be  expected  to  arise  in 
d-  '.'ice  VLSI  arrays.  The  fact  that  these  structures  can  show  synergetic  behavior 
und-.-r  conditions  of  population  inversion  suggest  that  new  functional  performance 
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DISCUSSION 

Dr.  Sandman:  CTE  -  I  am  trying  to  understand  precisely  what  you  meant 
by  the  term  superlattice  as  you  applied  it  apparently  in  the  array  of  devices. 
There  is  a  well-known  class  of  semiconductor  super lattices,  gallium  arsenide 
and  aluminum  arsenide,  and  I  think  you  meant  something  different  than  that. 

Could  you  specify  in  some  detail  precisely  what  you  meant  by  a  superlattice  in 
the  context  that  you  used  it? 

Prof.  Ferry:  You  are  referring  to  the  extreme  technique  of  laying 
down  precise  alternate  monolayers  of  aluminum  arsenide  and  gallium  arsenide. 

This  superlattice,  of  layered  aluminum  arsenide  and  gallium  arsenide  gives  a 
narrow  energy  well  and  a  classic  one-dimensional  Kronig-Penney  model,  and  it 
works  exceedingly  well  when  you  compare  the  results  of  that  calculation  to 
the  experiments.  Now  the  concepts  of  super  lattices  are,  of  course,  much 
broader  than  that.  Uhat  you  should  think  of  is  that  the  reason  you  get 
superlattice  effects  is  the  fact  you  have  a  periodic  array  of  energy  wells. 

Dr.  Sandman:  In  an  individual  chip? 

Prof.  Ferry:  Think  of  this  in  the  following  way:  under  the  gate  of 
a  >'.0S  FET,  you  have  a  potential  well  due  to  band  bending.  If  you  have  a  regular 
array  of  gates,  you  will  have  a  periodic  potential  well  induced  along  the 
surface  in  the  context  of  a  lateral  superlattice.  Now  the  spacing  of  those 
wells  determines  the  potential  and  you  have  a  two-dimensional  Kronig-Penney 
r.ofel.  This  two-dimensional  lattice  is  worked  out  in  Brillouin's  book  on 
periodic  structures,  but  you  can  have  superlattice  effects  ir.  the  two- 
dimensional  case.  Now  the  challenge  arises  if  you  make  this  on  top  of  a  layered 
structure  by  >3Z\  because  you  can  then  have  a  three-dimensional  superlattice 
effect. 


Dr.  Sancn.an:  This  is  the  context  in  which  you  were  using  it? 

Prof.  Ferry:  This  is  the  context,  right. 

Dr.  Carter:  NF.L  -  Thank  you  for  a  very  well  presented  and  nicely 
:  cl  meed  talk.  I  appreciate  your  effort.  I  have  two  questions.  You  have 
r  ion.ed  the  cucntur.  effects  of  an  array  ol  devices,  and  so  ny  first  question 
deals  with  the  phase  effect  in  Josephson's  junctions  which  is  a  racroscopic 
c.mtur.  effect.  !s  that  the  sort  of  array  tliat  you  are  talking  about?  Have 
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people  in  Che  optical  sciences  and  also  chat  Is  using  Interference  methods  for 
scoring  the  processing  Information.  In  Josephson's  junctions,  this  has  also 
been  done  In  so-called  SQUIDS  where  you  do  have  well-known  macroscopic 
Interference  effects,  but  what  I  think  Is  the  really  interesting  question  Is 
what  happens  to  the  theory  of  information  in  a  non-local  situation  where  you 
are  not  trying  to  transfer  a  single  localized  byte  but  the  byte  is  spread  over 

both  an  amplitude  and  phase  over  a  large  area,  and  I  think  there  arc  people  In 

the  brain  business  who  have  some  strong  ideas  that  this  Is  already  taking 
place  inside  our  head — some  of  us. 

Prof.  Ferry:  Last  week  in  Phoenix,  I  learned  there  is  a  group  at 
Cal.  Tech,  which  is  crying  to  apply  the  microscopic  concept  of  spin  glasses  to 
the  way  in  which  the  brain  handles  information.  I  mention  chat  only  in  passing 

because  I  also  learned  at  the  same  time  that  there  is  a  group  at  IBM  which  is 

trying  to  apply  the  theory  of  spin  glasses  to  the  way  in  which  systems  operate. 
If  you  tie  the  two  together,  it  might  be  interesting. 

Dr.  Buot:  Cornell  Univ.  -  I  was  wondering  if  you  have  thought  of 
using  BiSb  alloys  as  a  matrix  on  which  to  lay  the  small  metal  dots?  (Added  in 
editing  -  Two  things  conspire  to  increase  the  change  of  practically  observing 
quantum  cooperative  behavior  in  an  array  of  normal  metal  dots  or  islands, 
namely:  1)  small  effective  electron  mass  in  each  metal  doc,  and  2)  a  small 
potential  barrier  between  metal  dots). 

Prof.  Ferry:  I  have  enough  trouble  handling  the  III-V's.  I  have 
tried  to  forget  about  bismuth  antimonide.  That  is  from  Che  days  when  I  was 
doing  instability  experiments. 

Dr.  Buot:  I  was  wondering  if  anybody  has  successfully  grown  bismuth 
antimonide  semiconducting  crystal  films. 

Prof.  Ferry:  The  last  person  I  remember  working  on  bismuch  antimonid 
was  at  Bell;  it  was  some  years  ago. 

Dr.  Cooper:  There  was  somebody  at  Illinois,  I  think  Joe  Creen. 

Prof.  Ferry:  1  don't  know  if  he  was  doing  bismuth  antimonide 
There  is  a  classic  rule  of  chumb  which  has  been  put  forward  by  Cyril  Kilsum  at 
RSXE,  which  is  that  to  bring  any  new  material  to  the  level  at  which  you  can 
begin  thinking  about  making  devices  requires  something  like  a  man  century  of 
effort.  I  don't  know  that  there  is  the  intense  effort  on  bismuth  antimonide 
yet  which  would  bring  it  co  the  level  that  people  could  chink  about  using  it. 
Silicon  has  at  least  a  kiloman  century  work  of  effort  on  it  just  since  the  war. 
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I.  INTRODUCTION 

A  turning  point  in  the  study  of  semiconductor  devices  occurred  with  the 
publication  of  the  special  January  1966  issue  of  the  IEEE  Transactions  on 
Electron  Devices.  Here  papers  dealing  with  the  numerical  simulation  of 
the  space*  and  time-dependent  behavior  of  the  charge  distribution  within 
solid-state  devices  implied,  either  explicitly  or  implicitly,  that  these  types 
of  calculations  could  be  used  to  develop  the  intuition  needed  to  explain 
device  behavior. 

Today,  numerical  simulations  are  regarded  as  part  of  a  device  physi¬ 
cist’s  tools  and  are  routinely  used  (1)  when  the  device  transport  is  non¬ 
linear  and  the  device  differential  equations  do  not  admit  to  exact  solu¬ 
tions,  (2)  as  surrogates  for  laboratory  measurements  that  are  costly 
and/or  not  feasible,  and  (3)  in  computer-aided  device  design.  Specifically, 
the  kinds  of  devices  most  often  treated  numerically  either  require  multidi¬ 
mensional  concepts  for  their  operation  or  are  dominantly  hot-carrier 
dependent.  Transferred  electron  devices  are  examples  of  hot-carrier  de¬ 
vices.  but  an  MOS  or  MESFET  requires  two  dimensions  for  conceptual 
operation  and  is  often  modified  by  hot-carrier  contributions.  In  any  case, 
through  a  heirarchy  of  differential  equations,  we  are  becoming  increas¬ 
ingly  able  to  simulate  the  operation  of  devices  such  as  these  and  to  nu¬ 
merically  represent  the  effects  of 

(i)  material  properties  (e.g.,  doping  variations). 

(ii)  phvsical  boundaries  (e  g.,  contacts,  surface  states),  and 


i 
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(iii)  the  environment  (e.g..  adjacent  devices,  circuits)  on  device 
operation. 

This  numerical  ability,  coupled  with  heightened  interest  in  device  phys¬ 
ics  and  generated  in  large  measure  by  the  current  VLSI  and  VHSIC  pro¬ 
grams,  is  also  forcing  a  long-needed  reassessment  of  the  assumptions 
used  in  device  simulations.  For  example,  most  modeling  of  single-species 
transport  represents  the  current  response  by  the  equation 

J  =  NepiF  +  eD  grad  N  +  <  dF/dt,  (1) 

where  N  is  the  carrier  concentration,  e  the  electronic  charge.  Fa  field,  pt 
the  mobility,  D  the  diffusivity,  e  the  dielectric  constant,  and  t  the  time. 
This  equation  is  based  on  the  Boltzmann  transport  equation  (BTE)  for  a 
distribution  function  only  slightly  modified  by  a  self-consistent  field  [I]. 
For  high-field,  nonlinear,  hot-carrier  effects,  the  distribution  function  is 
strongly  dependent  on  F  and  the  usual  approach  replaces  p.F  by  a  non¬ 
linear  v(F)  curve,  and  D  by  a  field-dependent  diffusivity  [2].  This 
approach,  although  useful,  avoids  the  problem  of  finding  solutions  to 
nonlocal  transport  equations,  which  include  spatial  and  temporal  field- 
dependent  relaxation.  Such  solutions  are  especially  important  in  GaAs, 
where  recent  history  has  shown  that  concepts  like  velocity  overshoot1 
[3-5]  profoundly  affect  transport  in  short-channel  devices  and  the  more 
conventional  devices  operated  at  high  frequencies.  To  account  for  these 
effects,  the  BTE,  rather  than  Eq.  (1),  must  be  solved. 

The  BTE  is  the  cornerstone  of  semiclassical  transport.  Its  central  con¬ 
cept  is  the  idea  of  a  single  carrier-distribution  function  f(r ,  p.  r).  which 
may  be  used  to  compute  expectation  values  for  macroscopic  current  flow. 
When  we  examine  this  idea  from  a  quantum-mechanical  viewpoint,  we 
see  some  necessary  averaging  if /is  to  be  regarded  as  a  simultaneous  func¬ 
tion  of  position  and  momentum.  From  a  device  perspective,  care  must 
therefore  be  exercised  if  /  and/or  the  critical  device  dimension  L  are 
smaller  than  an  electron  wavelength  A.  For  a  quasi-particle  with  an  effec¬ 
tive  mass  m*.1 


A  ll  l til  Uthcrm* 


(2) 


'  The  effects  of  overshoot  are  implicit  in  ihe  results  off-]. 

•'  Note  that  on  an  ultra,  short  time  scale,  electrons  accelerate  with  the  tree,  rather  thar. 
the  effective,  mass  [6]  Also,  although  the  constraint  L  >  \'  is  a  safe  one.  it  does  not  imgK 
that  the  BTE  is  invalid  in  a  range 

\  <  /  <  A  * .  ' :  1 

h'l  (he  range  of  validiu  ol  the  BTE  ha-  not  \ct  been  delineated  Here  A  =  h 
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where  A*  is  (he  thermai  de  Broglie  wavelength,  h  Planck's  constant,  and  t> 
the  thermal  velocity.  For  GaAs  central  valley  electrons.  A*  ~  270  A  (see 
Table  I). 

In  addition  to  spatial  considerations,  from  a  temporal  perspective,  the 
BTE  describes  irreversible  phenomena  and  it  is  assumed  that  collisions 
occur  on  a  scale  short  compared  with  an  observation  time.  Thus,  for  ex¬ 
ample.  relaxation  times  should  be  short  compared  to  transit  times.  This 
assumption  will  be  routinely  violated  in  submicron  devices  (see  Table  I); 
and  again,  caution  must  be  exercised  in  using  the  BTE. 

It  is  clear  that  from  a  device-modeling  viewpoint  we  are  faced  with 
serious  problems.  On  the  one  hand,  the  BTE  overcomes  many  objections 
to  the  use  of  equations  like  (1).  On  the  other  hand,  the  preceding  argu¬ 
ments  suggest  abandoning  the  BTE  for  ultrasmall  devices  and  replacing  it 
with  a  quantum  transport  formulation.  While  the  latter  may  be  necessary, 
the  current  approach  is  to  retain  the  BTE  as  long  as  useful  quantum  ef¬ 
fects  can  be  incorporated,  even  when  first-order  quantum  effects  occur, 
as,  for  example,  the  transport  in  quantized  inversion  layers  [7]. 

The  critical  choices  that  must  be  made  in  examining  the  physics  of 
semiconductor  devices  is  the  principal  reason  for  this  chapter.  In  the  dis¬ 
cussion  that  follows  we  take  a  detailed  look  at  some  of  the  physical  as¬ 
sumptions  underlying  transport  in  semiconductor  devices.  In  Section  II 
we  discuss  the  semiconductor  equations  and  the  picture  they  provide  for 
the  numerical  simulation  of  GaAs  and  Si  devices.  We  illustrate  the  discus¬ 
sion  with  simulations  of  the  transient  behavior  of  two-  and  three-terminal 


TABLE  I 

Critical  Boltzmann  Transport  Parameters  for  GaAs 
Parameter  Variable  Value 


Active  region  length  L 

c;  Broclie  wavelength  A*  =  h/m'v 


Transit  time 


L/v 


Mean  time  between 
collisions  (momentum 
relaxation  I 


10"s  cm.  10‘‘  cm 
2.7  x  10'*  cm 

at  r  =  4.5  x  10:  cm/sec. 
in'  -  0.067  in, 

5  x  I0'13  sec 
at  /.  =  I0'3  cm. 
i  =  2  x  |0'  cm/sec 
5  v  10  sec 
at  L  =  10"*  cm. 
i  =  2  x  I0:  cm/s ec 
5  x  10" 13  sec  at  300  K, 

5  x  t0  "  sec  at  3000  K 
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GaAs  devices.  For  silicon  we  consider  the  role  of  ion  implantation  in  al¬ 
tering  the  charge  distribution  within  an  /i-channel  MOSFET.  In  Section 
III,  we  examine  the  Boltzmann  transport  equation.  Two  aspects  are  con¬ 
sidered:  (I)  What  are  the  assumptions,  limitations,  and  methods  of  solu¬ 
tion?  When  the  limits  are  exceeded,  what  quantum  modifications  are  pos¬ 
sible?  (2)  Where  does  the  device  physics  using  the  BTE  show  significant 
departures  from  that  using  the  equations  of  Section  II.  In  the  first  in¬ 
stance,  modifications  are  introduced  to  account,  for  example,  for  finite 
collision-duration  effects.  Here,  on  a  very  short  time  scale,  collisions 
cannot  be  regarded  as  instantaneous.  Instead,  during  collisions,  the  car¬ 
rier  may  absorb  or  lose  energy  to  the  self-consistent  field.  In  the  second 
case,  transient  transport  calculations  emphasizing  velocity  overshoot 
show  significant  BTE  departures. 

The  discussion  of  velocity  transients  naturally  leads  into  problems  as¬ 
sociated  with  collisionless  transport  in  submicron  devices.  These 
problems  are,  at  first  glance,  trivial.  However,  this  notion  should  be  dis¬ 
pelled  by  the  unusually  long  list  of  questions  asked  by  others  in  connec¬ 
tion  with  vacuum-tube  transport,  such  as:  (1)  How  do  contact  properties 
affect  the  current-voltage  relation?  (2)  How  will  the  distribution  of  in¬ 
jected  carriers  and  subsequent  carrier-carrier  interaction,  for  example, 
affect  device  transport?  (3)  How  is  one  to  interpret  diffusionlike  terms, 
such  as  grad  NT  (where  T  is  an  electron  temperature)  when  diffusion  in 
the  sense  of  an  Einstein  relation  is  not  a  viable  concept?  The  presence  of 
these  questions  for  collisionless  transport  does  not  lessen  their  impor¬ 
tance  for  transport  with  collisions.  In  both  cases  the  answers  have  not 
been  found  and  represent  current  work  in  progress. 

The  discussion  of  Section  III  is  primarily  concerned  with  solutions  to 
the  BTE.  The  numerous  corrections  to  it  serve  as  a  reminder  of  the  extent 
to  which  new  physics  forces  a  close  scrutiny.  Most  of  this  reexamination 
is  done  by  comparing  approximate  evaluations  of  the  one-particle 
quantum-density  matrix  with  its  classical  analog,  the  distribution  func¬ 
tion.  The  connection  between  the  two  is  reviewed  in  Section  IV.  where 
we  formally  introduce  von  Neumann's  density  matrix  and  show  its  rela¬ 
tion  to  measurements  of  statistical  averages.  From  the  density  matrix,  a 
fully  quantum-mechanical  distribution  function,  the  so-called  Wigner  dis¬ 
tribution  is  introduced.  The  Wigner  function  is  particularly  intriguing  in¬ 
sofar  as  its  equation  of  motion  is  very  close  to  the  BTE.  subject  to  the 
constraints  of  the  uncertainty  principle.  Approximate  solutions  to  the 
equation  of  motion  and  its  connection  to  the  results  of  Section  III  are 
given. 

Analysis  of  semiconductor  devices  relies  on  the  assumption  that  cur¬ 
rent  flow  is  by  drift  and  diffusion.  We  show  in  Section  III  that  the  formula- 
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tion  of  drift  on  a  submicron  scale  is  not  at  all  obvious  and  that  proper  use 
of  diffusion  currents  is  even  less  certain.  Diffusion  is  related  to  the  spatial 
spreading  of  an  ensemble  of  carriers  with  time,  as  the  ensemble  responds 
to  both  applied  drift  forces  and  random  forces  such  as  are  generated  by 
collisions.  For  examining  transient  diffusion  processes,  a  Fokker-Plank 
equation  can  be  generated  whose  solution  is  the  transition  probability  for 
a  particle  at  X0,  r0  to  transition  to  X ,  /.  On  the  short  time  scale  over  which 
relaxation  processes  occur,  this  equation  does  not  reduce  to  the  normal 
diffusion  equation.  We  review  diffusion  processes  on  a  short  time  scale  by 
an  ensemble  Monte  Carlo  method,  highlighting  differences  with  the  semi- 
classical  description. 

In  summary,  semiconductor  device  physics  separates  into  three  over¬ 
lapping  categories,  identified  by  a  particular  type  of  equation: 

(1)  the  semiconductor  mobility  equation, 

(2)  the  Boltzmann  transport  equation,  and 

(3)  the  quantum  transport  equation 

We  shall  discuss  the  modeling  of  transport  in  nonlinear  semiconductor  de¬ 
vices  by  solving,  when  available,  or  at  least  by  examining  each  of  these 
equations. 


II.  THE  SEMICONDUCTOR  EQUATIONS 
A.  Introduction 

It  has  long  been  recognized  that  a  proper  understanding  of  today’s  de¬ 
vices  requires  detailed  computer  modeling  of  the  space-  and  time- 
dependent  charge  distribution  within  the  device.  Simple,  two-terminal 
configurations  are  usually  represented  by  one-dimensional  equations.3 
but  the  more  important  designs  require  a  full  account  of  at  least  two 
directions — one  along  the  channel  length  and  a  second  normal  either  to 
the  metal-semiconductor  interface  (MESFET,  for  example)  or  the 

J  Far  one-dimensional  devices,  see  Scharfetier  and  Gummel  [8a],  This  paper  deals  with 
the  large-signai  simulation  of  a  silicon  Read  diode  oscillator.  Simulation  of  a  TRAPATT  os¬ 
cillator  is  discussed  b>  De Loach  and  Scharfetter  [8b].  For  transferred  electron  devices,  see 
Shaw  et  til.  [Scj  For  two-dimensional  simulations,  see  Barnes  and  Lomas  [8d] .  This  paper 
deals  with  finite-element  methods.  Nomsothcrmal  carrier  flow  in  a  two-dimensional  bipolar 
transistor  under  reactive  circuit  conditions  is  discussed  by  Turgeon  and  Navon  [8e]  The 
phenomenon  of  avalanche  breakdown  in  MOSFETs  is  discussed  by  Toyabe  ei  al.  [8f]  \  a- 
maguchi  rf  a!  [8g]  discuss  the  two-dimensional  simulation  of  GaAs  FET  See  also  Grubin 
anj  McHugh  [8h] 
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oxide -semiconductor  interface  (MOSFET,  for  example).  Many  two- 
dimensional  computer  codes  have  been  developed  for  this  purpose 
[8a-8h].  Each  of  these  codes  involves  obtaining  self-consistent  solutions 
of 


(i)  Poisson's  equation, 

V**=-p/«.  (4) 

where  <f>  is  the  scalar  potential  and  p  the  charge  density; 

(ii)  the  continuity  equation, 

div  •  Jc  +  (3 p/dl)  ~  G  -  R,  (5) 

where  Jc  is  the  carrier  current  and  the  quantities  on  the  right-hand  side 
represent  the  possibility  of  local  generation  (G)- recombination  (/?) 
events;  and 

(iii)  the  “semiconductor  equation,” 


Jc  =  qN\  -  qD  grad  N,  (6) 

where  q  is  the  electric  charge. 

Equation  (5)  is  for  single-species  transport,  and  each  of  these  equations  is 
constrained  by  the  external  circuit. 

As  indicated  in  the  introduction,  the  transport  picture  associated  with 
Eq.  (6)  is  based  on  the  approximation  that  the  carrier  velocity  v  responds 
instantaneously  to  changes  in  electric  field.  For  electrons: 

v(F)  =  -m(F)F,  (7) 

where 

F  =  -grad  <b.  (8) 

Thus  any  spatial  or  temporal  dependence  in  velocity  arises  because  of 
such  dependencies  on  field.  This  extremely  important  assumption 
breaks  down  at  high  frequencies  [9],  In  gallium  arsenide,  serious  dis¬ 
crepancies  appear  at  10  to  20  GHz.  The  significance  of  this  becomes  clear 
with  a  simple  example. 

Consider  solutions  to  Newton's  equation  of  motion  for  a  single  carrier 
subjected  to  instantaneous  change  in  field  and  scattering  centers: 


m '  i 


1  P 


-eF. 


(9) 


For  m  =  0)  =  0. 


i(r)  =  (-c7p/m-)F[l  -  exp(-//rp)]. 


(10) 
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Thus,  on  a  temporal  scale,  instantaneous  response  implies  that  the  obser¬ 
vation  or  measurement  takes  place  over  a  time  interval  that  is  long  com¬ 
pared  to  the  momentum  relaxation  time  rp.  For  GaAs  with  scattering  by 
intra valley -central-valley  phonons,  rp  =  0.3  x  I0-1*  sec,  and  for  a  mea¬ 
surement  over  a  time  interval  At  -  3rp,  the  velocity  is  within  95%  of  the 
steady-state  v  (t  =  »)  value.  Note  that  (3tp)_i  -  1 100  GHz,  but  in  a  solid 
containing  a  sufficiently  high  density  of  carriers  (and  here  the  solid  must 
also  be  large  enough  to  contain  a  sufficient  number  of  carriers),  the 
response  of  the  devices  is  more  closely  related  to  the  time  required  for  the 
collection  of  carriers,  as  represented  by  their  distribution  function,  to 
relax.  For  gallium  arsenide,  the  distribution  of  carriers  responds 
sluggishly  to  changes  in  field,  so  well  before  the  1100-GHz  limit  the 
“instantaneous”  mobility  model  breaks  down.  The  question  arises  of  just 
how  serious  the  breakdown  is  at  lower  frequencies.  Although  this  ques¬ 
tion  is  a  subject  of  current  research,  the  indication  (see  Section  III)  is  that, 
at  least  for  gallium  arsenide  and  frequencies  below  20  GHz,  qualitative 
device  behavior  will  not  be  altered  by  the  nonlocal  contributions. 

For  the  remainder  of  this  chapter,  we  shall  discuss,  through  the  use  of 
examples,  the  development  of  a  numerical  physics  using  the  semicon¬ 
ductor  equations.  Three  examples  will  be  discussed: 

(i)  one-dimensional  analysis  of  GaAs  two-terminal  devices, 

(ii)  two-dimensional  analysis  of  GaAs  FETs,  and 

(iii)  two-dimensional  analysis  of  a  silicon  MOSFET. 

The  GaAs  devices  are  chosen  because  they  are  the  most  thoroughly  stud¬ 
ied  transferred-electron-effect  devices  and  exhibit  the  most  dramatic  spa¬ 
tial  and  temporal  behavior.  The  family  of  GaAs  devices  is  also  among  the 
leading  candidates  for  future  VLSI  applications.  The  silicon  devices  are 
chosen  because  they  are  the  most  widely  used  and  studied  devices. 

B.  One-Oimensional  Analysis  of  GaAs  Two-Terminal  Devices 

1.  Introduction 

The  standard  one-dimensional  simulation  of  GaAs  two-terminal  devices 
seeks  to  replicate  Gunn's  original  observations  [10]  and  the  subsequent 
variations.  Briefly,  Gunn  observed  that  when  a  GaAs  sample  fitted  with 
two  contacts  was  subjected  to  a  sufficiently  high  bias,  spontaneous  and 
coherent  microwave  frequency  current  oscillations  appeared  (see  Fig.  !)• 
The  oscillations  had  specific  characteristics  in  that  the  period  was  closely 
related  to  the  time  it  took  the  majority  carrier  (electrons)  to  transit 
between  the  contracts.  The  explanation,  as  we  know  it  today,  is  due  to 
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Fig.  1.  (a)  Schematic  circuit  for  the  appearance  of  Gunn  oscillations,  (b)  One  cycle  of 
current  versus  time  for  a  GaAs  device  sustaining  dipole  oscillations.  Nucleation  and  extinc¬ 
tion  occurred  during  the  "spiked"  portion  of  the  oscillation.  Dipole  transit  is  associated  with 
the  flat  portion  of  the  oscillation. 


Kroemer  [11],  who  proposed  that  when  the  oscillations  occured  the  elec¬ 
tric  field  within  the  gallium  arsenide  sample  became  highly  nonuniform. 
This  nonuniformity  would  manifest  itself  in  the  appearance  of  regions  of 
high  electric  field  surrounded  by  regions  of  low  electric  field,  as  in  Fig.  2. 
and  these  high-field  regions,  often  called  domains,  would  move  toward 
one  end  of  the  specimen.  The  oscillation  was  then  a  consequence  of  the 
following  sequence  of  events.  First,  a  domain  would  nucleate  at  one  of  the 
contacts  (the  cathode)  At  this  point  the  current  would  drop,  as  in  Fig.  1. 
Then  the  domain  would  leave  the  cathode  region  and  travel  down  the 
sample  toward  the  second  contact  (the  anode).  Here,  the  current  would 
be  approximately  constant.  Finally,  the  domain  would  be  extinguished  at 
the  anode  contact  and  the  current  would  rise.  The  oscillation  period  T  was 
determined  mainlv  b\  the  time  it  took  the  domain  to  travel  between  the 
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Fig.  2.  Sketch  of  moving  high  electric  field  domain  associated  with  the  oscillation  of 
Fig.  1. 


cathode  and  anode  contacts,  and  this  was  determined  by  the  speed  v  of 
the  moving  electrons.  Thus  T  —  L/v,  where  v  is  about  107  cm/sec  and  L 
the  length  of  the  specimen.  Note  that  for  L  =  10~*  cm,  T  —  10-9  sec  and 
1/7“  -  1.0  GHz. 

Kroemer's  explanation  of  Gunn's  experiments  required  that  GaAs  sus¬ 
tain  a  region  of  negative  differential  mobility,  a  fact  demonstrated  by 
Hilsum  [12]  in  1962.  Here,  by  explicit  calculation,  it  was  shown  that  gal¬ 
lium  arsenide,  through  electron  transfer,  would  exhibit  negative  differen¬ 
tial  mobility,  where  for  a  range  of  increasing  electric  field,  the  electron 
velocity  decreases  rather  than  increases  (Fig.  3). 

Typically,  simulations  (see  Fig.  4)  of  the  behavior  of  negative  differen- 


ELECTS  C  F«t-D  'V'cml 

Fii>.  3.  Drifi  velocity  versus  electric  field  for  G.iAs.  From  Butcher{2).  with  permission  of 
The  Insniuie  of  Phv  sic-, 


imm aq 


S*i*t*t*jV 


6.  Numerical  Physics  of  Semiconductor  Devices 


207 


Distance 

Fig.  4.  Simulation  of  cathode-nucleated  domain  and  subsequent  transit-lime  oscillations. 
The  NDM  element  is  part  of  the  resistive  circuit,  and  the  computations  display  F{x,i)  at  suc¬ 
cessive  instants  of  time.  From  Shaw  el  at.  (8c],  with  permission. 


tial  mobility  devices  involve  breaking  down  Eqs.  (5),  (6),  and  Poisson’s 
equation  and  solving  the  following  two  sets  of  equations: 


-t 


B 


v(F)  (eN0(x)  +  € 


-D(F)  (e 
</'4> 


a*F(x.  r) 
dx2 


dN0(x)\ 
dx  ) 


+  6 


aF(.v,  t) 


(U 


(ID 

(12) 


where  /V0(.v)  represents  a  spatially  dependent  donor  density.  Equation  (12) 
is  a  representative  circuit  equation  (see  e.g.,  ref.  8c)  with  the  device  in 
parallel  with  a  capacitor  C„.  both  connected  serially  to  an  inductor  y\  re¬ 
sistor  R.  and  bias  4>B.  Also. 


= 


/: 


F(  v.  r)  dx 


(13) 


and 


A,  =  JoOA.  (14) 

where  A  is  the  cross-sectional  area 

Equation  ( 1 1 )  is  the  equation  for  total  current  density  through  the  non- 
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linear  semiconductor.  The  first  collection  of  terms  is  the  conduction- 
current  contribution,  the  second  and  third  contributions  are  the  diffusion 
and  displacement  contributions,  respectively.  In  the  preceding  equations, 
v(F )  represents  the  velocity -field  relation  for  the  carrier  and  D(F)  the 
diffusion-field  relation.  Within  the  framework  of  the  mobility  model  v(F) 
is  represented  by  Fig.  3  for  GaAs  and  D(F)  is  given  in  Fig.  5. 

Equation  (II)  is  a  partial  differentia!  equation  rich  in  possibilities.  Be¬ 
fore  discussing  these,  there  are  several  points  to  be  made  with  regard  to 
the  placement  and  use  of  the  diffusion  coefficient.  First,  note  that  D  is  to 
the  left  of  the  derivative.  Within  the  framework  of  the  Boltzmann  trans¬ 
port  theory,  this  is  not  entirely  correct.  For  those  situations  where  the  dis¬ 
tribution  function  departs  slightly  from  equilibrium,  Stratton  [13]  has 
demonstrated  that  the  diffusion  contribution  should  more  generally  ap¬ 
pear  as 

d(Dn)/dx.  (15) 

For  highly  nonequilibrium  situations  where  such  methods  as  the  displaced 
Maxwellian  are  used,  it  is  generally  difficult  to  unequivocably  identify  a 
diffusivity.  However,  when  it  is  defined,  it  usually  emerges  as  a  general¬ 
ized  Einstein  relation.  For  multivalley  semiconductors 

o«> 

as  in  Fig.  5.  Here  vt  and  Tt  are,  respectively,  the  carrier  drift  velocity  of 
the  /th  valley,  Tt  its  electron  temperature,  and  t)(  its  fractional  occupation. 
There  are  difficulties  with  this  definition  and  we  refer  to  Cheung  et  at.  [14] 
for  a  more  complete  description. 


Fig.  S.  Diffusivity  versus  electric  field  used  in  GaAs  simulations.  From  Butcher  [2],  with 
permission  of  The  Institute  of  Physics 
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Wc  also  point  out  that  Eq.  (11)  is  written  in  “standard  form"  and  re¬ 
tains  the  feature  of  treating  electrons  as  positively  changed  particles.  As 
long  as  we  are  treating  one  species  of  carrier,  this  does  not  present  any  real 
difficulties,  but  when  electron  and  hole  conduction  occurs,  care  must  be 
exercised.  Among  the  difficulties  to  be  aware  of  is  the  fact  that  the 
velocity -field  curve  in  Fig.  3  represents  the  magnitude  of  the  drift  veloc¬ 
ity  since  electrons  move  in  a  direction  opposite  to  that  of  the  electric  field. 

2.  Properties  of  Eq.  (11) 

a.  Length  Dependence.  Equation  (11)  is  a  two-point  boundary-value 
problem  and  allows  length-dependent  effects  to  be  studied.  These  effects 
are  pronounced  in  GaAs  and  have  their  basis  in  the  following:  If  an  osten¬ 
sibly  homogeneous  GaAs  specimen  is  biased  into  the  NDM  (negative  dif¬ 
ferential  mobility)  region,  then  ever-present  space-charge  fluctuations  will 
grow.  These  growing  fluctuations  will  simultaneously  propagate  and  the 
amplitude  of  the  disturbance  in  the  simplest  of  cases  [15]  will  be  given  by 


exp(-x/w). 


where 


‘  "  N0e  dv/dF 

Significant  gain  will  result  in  an  instability  when  G  s  1  or 


NoL  > 


.‘“-I , 

e  dv/dE] 


For  GaAs,  N0L  is  typically  ~  10'Vcm2. 

From  another  viewpoint,  high  field-domain  propagation  in  devices 
greater  than  50  is  generally  independent  of  the  cathode  and  anode 
region  and  can  be  analyzed  as  though  the  device  had  infinitely  separate 
boundaries.  For  \0  -  KP/cm3  and  devices  approximately  10  in 
length  high  field  domains  may  fill  a  large  percentage  of  the  devices  and 
proximity  effects  occur  [8c). 

b.  Doping  Variations.  In  the  early  stages  of  GaAs  device  fabrication,  it 
was  rare  to  find  a  uniformly  doped  device.  The  effects  of  these  nonunifor- 
mities  were  generally  accounted  for  through  assumed  variations  in  Na(x). 
For  example,  a  significant  drop  in  A'0  over  a  small  distance  was  shown  to 
lead  to  local  high  field-domain  nucleation  with  subsequent  propagation 
[16]  In  another  situation.  Kroemer  established,  by  numerical  simulation 
[I'j.  that  the  presence  of  small  statistical  variations  in  N0  would  generate 
transient  nonuniformities  and  prevent  accumulation-layer  propagation  in 
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long  samples.  In  short  devices,  ~  10  cm  long,  these  fluctuations  are  not  as 
effective  and  accumulation-layer  propagation  is  possible  [8c]. 

c.  Contact  Effects.  It  has  been  established  that  the  interface  at  the 
two-terminal  active  region  dominates  the  subsequent  behavior  of  the  de¬ 
vice.  These  contact  effects  have  been  treated  by  doping  variations,  mobil¬ 
ity  variations,  and  phenomenological  interfacial  fields.  In  many  cases, 
through  the  combined  use  of  simulations  and  experiments,  one  can  deter¬ 
mine  whether  doping  variations  or  other  contributions  are  responsible  for 
device  behavior  [8c].  The  effects  of  contact  fields  may,  for  example,  be 
treated  as  boundary  conditions  to  Eq.  (II),  where  F(x  =  0,  t)  and  F(x  = 
L,  /)  are  specified  [8c]  or  as  a  solution  to  a  cathode  differential  equation, 
e-g., 

JoU)  -  HF)  +  «  dF/dt  at  jr  =  0,  (20) 

where  /  is  a  phenomenological  cathode  current  density.  Our  experience 
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Fir.  <5.  The  steady-state  r (F)  curve  and  ihe  simulated  current  density  versus  average 
field  relation  for  various  fixed  values  of  carbode  Fc.  For  the  simulation,  the  NDM  element  is 
in  the  circuit  shown  in  the  inset.  For  curve  A.  Fc  =  0.  and  the  NDM  element  is  quiet  until  the 
bulk  field  exceeds  the  NDM  threshold.  An  instability  then  forms,  and  for  relatively  moderate 
doping,  nonumformities  may  damp  The  result  is  a  quiet  element  with  a  current  level  some¬ 
what  below  the  peak  current  density.  The  cathode  fields  for  cuves  B,  and  B,  are  indicated, 
and  here  cathode-nucleated  domains  result  in  distinct  transit-time  oscillations  For  curve  C. 
F,  =  24  kV/cm.  and  the  NDM  element  is  electricallv  stable  From  Shaw  cr  n!  (8c)  and  re¬ 
lated  reference-  therein. 
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indicates  that  the  important  contact  to  model  is  the  cathode,  and  our  re¬ 
sults  [8c]  for  a  fixed  cathode  model  are  summarized  in  Fig.  6.  More  ambi¬ 
tious  models  are  generated  as  the  need  arises,  as  for  example  with  Eq. 
(20),  which  was  generated  to  explain  the  unusual  high-efficiency  oscilla¬ 
tions  associated  with  InP  [18,19]. 

In  spite  of  the  care  one  might  exercise  in  solving  Eq.  (II),  transient 
electrical  instabilities  require  solutions  to  the  circuit  equations.  For  the 
device  in  a  circuit  containing  reactive  elements  [e.g.  Eq.  (12)],  the  subse¬ 
quent  oscillation  (see  Fig.  7)  may  bear  no  resemblance  to  a  propagating 
domain  [18,19].  Another  reason  for  insisting  on  the  external  circuit  con¬ 
straint  is  provided  by  the  methods  of  characteristics  and  the  field  direction 
technique  [20,21].  These  show  that  there  are  an  infinite  number  of  time- 
independent  solutions  associated  with  a  given  value  of  J0.  It  is  the  circuit 
constraint  that  picks  out  the  correct  distribution. 

The  preceding  discussion  has  ignored  the  effects  of  generation - 
recombination  on  transient  behavior  of  propagating  high  field  regions. 
This  is  based  on  the  assumption  that  instabilities  develop  on  a  time  scale 
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- 

(C) 


•■'i:.  7.  Simulations  using  a  time-dependent  cathode  condition  [Eq.  1 20>J.  The  NDM  ele- 
■  i n' ' r .  i.  in  a  circuit  [see  Eq.  <I2i).  It  is  in  parallel  with  a  package  capacitor  and  in  series  with 
'"'llKlor-  resistor,  and  dc  source,  (a)  Simulation  of  current  versus  average  field  for  a  con- 
"u  .mm  current  curve  represented  by  the  bold  line.  Superimposed  on  the  bold  line  is  the  uF) 
‘v  lor  GaAs.  scaled  to  current  and  voltage  (bl  Electric  field  versus  distance  curves  at 
ui'tantN  of  time,  keyed  to  part  (a),  (cl  Preinstability  current  versus  voltage.  Filled 
1  '  denote  computed  points  From  Shaw  <7  ,il  [8c]  and  references  therein. 
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that  is  short  compared  to  the  generation -recombination  process.  A  re¬ 
cent  modification  of  Eq.  (11)  was  effected  to  include  space-  and  time- 
dependent  impurity  ionization  contributions  expected  if  carrier 
generation -recombination  becomes  important  [22]. 

C.  Two-Dimensional  Analysis  of  GaAs  FETs 

1.  Introduction 

Two-dimensional  analyses  of  GaAs  devices  are  almost  exclusively  de¬ 
voted  to  simulations  of  three-terminal  FETs  in  a  variety  of  configurations. 
The  second  dimension  in  these  simulations  is  transverse  to  the  principal 
direction  of  current  flow  and  its  magnitude  is  often  the  determinant  of 
whether  a  propagating  instability  will  occur  [23].  The  need  for  simulations 
of  two-dimensional  problems  is  more  generally  accepted  than  that  of 
one-dimensional  ones  because  of  the  unavailability  of  widespread  intu¬ 
itive  equations. 

The  FET  in  its  simplest  form  is  a  semiconductor  slab  with  three  termi¬ 
nals.  Two  of  these  are  usually  low-resistance  contacts,  while  the  third  is 
either  a  Schottky  contact  or  a  p-n  junction  with  an  accompanying  region 
of  charge  depletion.  For  a  unipolar  conduction  device,  operation  is  based 
on  modulation  of  the  depletion  region,  which  is  usually  accomplished  by 
changes  in  the  gate  bias.  Small  and  large  signal  gain  are  possible.  Figure  8 
is  a  sketch  of  the  device  and  the  connecting  lumped  elements. 

The  equations  describing  this  device  are  Eq.  (4),  with 

p  =  -e[N(x,y,t)  -  N0{x,y,t)]  (21) 


Fig.  8.  Schematic  representation  of  a  SchottU  e.tte  field-effect  transistor. 
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6 
and 


(22) 

(23) 


FCx.y.l)  =  -grad  *(*.)■•'> 

and  Eq.  (5)  wilh  O  -  K  =  «  and 
,  (x  y  o  .  -  e«».y.<M|f|)  +  ‘D 

Note  that  Eq.  (5)  requires  poin.-by-poin.  divergence-free  to.  curre 

div  Kx.y.O  >  0,  (24) 

^  -i(x.y.o  -  .  . ,25> 

The  boundary  C°^“™SC“  Tthe  MuTperiphery  of  the 

the  phystcal  and  electrica  simulations,  the  exposed 

**  devi“  P4'8g1'  po 
h  •  grad  <#>  =  «*  grad  N  =  °* 

.  to  tu-  frce  surface  of  the  semiconductor, 
where  A  is  a  unit  vector  normal  to  the  ^  ^  Schottky  gate 

The  low-resistance  source  and  dt r  surfaces  wUh  a  prespecified 

contact  are  approximated  by  <1  P  ,>.nc  illustrated  the  low-resistance 
charge  density  [24,8g].  For  ^ecacua  ^  sufficiently  far  from  the 

source  and  drain  contacts  are  neutr  ^  levels  involved  they  have 

active  region  of  the  device  tha  device.  For  the  sample  cal* 

no  influence  on  the  electncal  properties  of  the 

culations, 


Nc  =  No  —  Na 


127) 


and 


(28) 

=  /s/0  exp  ~  [efailkeTo] 

••  ,  t;ai  no  and  -VSl  N0,  and  Nc  indicate  the 

where  ^  «  the  "built-in  potent.a  [-5]  and  .  „ 

source,  drain,  and  gate,  respective  ■  thc  contacts  are  needed. 

To  include  circuit  effects,  the  P  while  lhe  gate  potential 

Generally  «  set  the  source “  Luitaneous  solution  of  the 
6,,  and  drain  potential  <*>□  are  deler  jt  epuations. 
semiconductor  equations  an  circuit  equations  are 

For  the  three-contact  device  of  Fig.  8. 
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4>  bo(0  —  +  4>o(t),  (30) 

4>bcU)  =  lcU)Zc  +  4>c(t).  (31) 

ls(D  =  Icit)  +  /D(0.  (32) 

where  <f>s  is  the  source  potential,  4>c  the  gate  potential.  <j>n  the  drain  poten¬ 
tial.  4>HCi  and  <ftBD  the  drain  and  gate  bias  potentials,  respectively,  /s  the 
source  current,  /c  gate  current,  /„  drain  current,  Zc  the  gate  impedance, 
and  ZD  the  drain  impedance.  The  external  circuit  impedances  are  mod¬ 
eled  as  lumped  linear  elements.  The  current  passing  across  a  contact  is 
the  integral  over  the  contact  area  of  the  component  of  current  density 
normal  to  the  contact.  For  a  device  of  dimension  /,  in  the  z  direction  and  a 
contact  extending  over  a  region  /, 


=  li  J  h  •  \{x,y,t)  dl'. 


When  simulating  a  GaAs  FET,  the  important  features  are  shape,  dimen¬ 
sion,  and  doping  profile.  Typically,  effects  of  semi-insulating  substrates 
may  be  examined  by  variations  in  N0(x,y,t)  [24,26],  alloyed  contacts  may 
be  examined  by  increasing  the  doping  level  under  the  source  and  drain 
regions,  and  semi-insulating  gate  regions  [27]  may  also  be  examined.  We 
shall  ignore  these  in  the  succeeding  illustrations,  concentrating  instead  on 
homogeneous  doping  profiles.  Our  intent  is  to  illustrate  the  role  of  nu¬ 
merical  simulations  in  classifying  GaAs  FET  behavior. 

2.  GaAs  FET  Classification 

Numerical  simulations  and  experiment  [28]  demonstrate  that  the  GaAs 
FET  can  be  placed  in  one  of  two  groups  as  determined  by  the  ratio 

gate  voltage  at  cutoff 

A.  =  — : — : - : - ; - - -  (34) 

/drain  voltage  at  the  onset  of  currentN 

V  saturation  for  zero  gate  voltage  ) 

Devices  with  K  >  1  sustain  current  oscillations,  the  origin  of  which  lies 
in  the  presence  of  negative  differential  mobility  in  the  semiconductor. 
Those  with  A' s  1  are  electrically  stable.  Devices  with  K  >  1  are  gener¬ 
ally  wider  in  the  transverse  dimension  than  those  uith  A'  —  1. 

The  electrical  behavior  associated  with  this  classification  is  sum¬ 
marized  in  Fig.  9,  where  we  sketch  the  simulated  current -voltage  relation 
for  two  GaAs  FETs  with  a  10-^m  source -urain  separation.  For  refer¬ 
ence,  we  have  drawn  the  velocity-field  relation  for  GaAs  scaled  to  the 
current  and  voltage  parameters.  The  first  point  to  note  about  these  results 
is  that  the  current  levels  do  not  approach  the  peak  current  associated  with 
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(a) 


I0ju-rv>  d*v,(C 


0  12  3  4  S  6 

tbl  <,D°>> 

Fig.  9.  Drain  current -drain  voltage  relation:  ta)  K  >  \  and  channel  height  I,  =  2.2  nm: 
(b)  K  =*  1  and  /„  =  1.2  fim.  Filled  circles  denote  computed  points;  xs  denote  averages  of 
current  during  an  oscillation .  The  solid  curve  is  the  Ga As  v(F)  relation  scaled  to  current  and 
voltage.  Reprinted  with  permission  from  Solid  Stale  Electron..  23,  H.  L.  Grubin.  D.  K. 
Ferry,  and  K.  R.  Gleason.  "Spontaneous  Oscillations  in  Gallium  Arsenide  Field  Effect 
Transistors."  Copyright  1980.  Pergamon  Press.  Ltd. 

GaAs.  This  is  a  consequence  of  the  additional  resistance  supplied  by  the 
cate  recion  as  weii  as  the  velocity  limitation.  The  second  point  is  that  for 
the  wider-channel  device  an  instability  occurs.  The  instability  is  repre¬ 
sented  bv  the  dashed  l-V  curves  of  Fig.  9a.  The  xs  in  the  diagram  repre¬ 
sent  average  current  and  voltage  values  tor  the  instability,  and  the  pres¬ 
ence  of  negative  conductance  is  due  to  the  dynamic  propagating  domain. 
The  filled  circles  in  Fig.  9a  represent  stationary,  time-dependent  points, 
and  we  note  that  where  there  is  an  instability  it  is  surrounded  by  regions 
of  nonzero  gate  and  drain  bias  for  which  there  is  no  time-dependent 
behavior.  The  third  point  is  that  for  the  wider-channel  device,  the  norma¬ 
lized  current  density  at  zero  gate  bias  levels  exceeds  the  sustaining  cur¬ 
rent  [8c  j.  which  is  the  minimum  current  necessary  for  stable  domain  prop- 


I 
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agation  in  iwo-terminal  devices.  The  sustaining  current  plays  a  similar 
role  in  three-terminal  devices,  and  in  these  wider-channel  devices,  do¬ 
main  propagation  occurs.  For  the  narrower-channel  device,  the  current  is 
below  the  sustaining  current  and  no  instability  occurs.  For  this  narrow  de¬ 
vice,  and  at  sufficiently  high  drain  bias  levels,  nonuniform  domains  form 
during  an  initial  transient  where  they  absorb  most  of  the  voltage  and  force 
a  reduction  in  current  level  below  the  sustaining  current.  These  results  are 
consistent  with  the  thickness  dependence  previously  discussed  [23). 

We  illustrate  the  internal  distributions  of  charge  and  current  at  three 
points,  1, 2,  and  3,  of  Fig.  9.  Additional  information  is  available  in  Grubin 
and  McHugh  [8h,26]  and  Grubin  et  al.  (28).  The  internal  distribution  of 
charge  and  current  associated  with  the  current  and  potential  levels  1  and  2 
of  Fig.  9  are  shown  in  Fig.  10  [8h].  Parts  (a)  and  (b)  show  current-density 
streamlines  through  the  device,  with  the  length  of  each  proportional  to  the 
magnitude  of  the  vector’s  current  density  at  that  point.  The  maximum 
length  of  the  individual  x  and  y  components  before  overlap  is  /„  =  N^evv, 
where  up  is  the  peak  carrier  velocity.  We  note  that  in  both  cases  the  cur¬ 
rent  density  is  greatest  under  the  gate  contact  as  required  by  current  con¬ 
tinuity.  For  the  higher  bias,  the  current  density  under  the  gate  region  is  at 
least  as  great  as  /„  and  velocity  limitation  introduces  carrier  accumula¬ 
tion.  The  density  of  charge  particles  in  the  FET  is  generally  nonuniform 
and  parts  (c)  and  (d)  of  Fig.  10  are  a  projection  of  this  distribution  as  it  re¬ 
lates  to  the  current-density  profile  of  parts  (a)  and  (b).  We  note  that  the 
particle  density  increases  in  the  downward  direction.  Part  (a)  shows  a 


Fig.  10.  The  internal  distribution  of  current  and  charge  corresponding  to  the  current  and 
soltage  le'els  represented  by  numbers  I  and  2  of  Fig.  9.  Note  that  the  particle  den  ’v  sur¬ 
rounding  the  nonuniform  distribution  is  uniformly  distributed  within  the  source -gal  region 
and  the  gate -drain  region  Reprinted  with  permission  from  Solid  Si<itc  tlcciron  .  21.  H  L. 
Grubin  and  T.  M  McHugh.  "Hot  Flectron  Tr.in>port  Hffccts  in  Field  F.tfccl  Iransi'tors 
Cops  right  19/8.  Pergumon  Presv  I.td 
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Fig.  11.  Projection  of  the  time-dependent  panicle  density  when  an  instability  occurs. 
The  parameters  at  which  this  occurs  are  represented  by  the  number  3  in  Fig.  10.  Reprinted 
with  permission  from  Solid  Slate  Electron..  21,  H.  L.  Grubin  and  T.  M.  McHugh.  "Hot 
Electron  Transport  Effects  in  Field  Effect  Transistors."  Copyright  1978.  Pergamon  Press. 
Ltd 

region  of  charge  depletion  directly  under  the  gate  contact.  Part  (b)  shows 
the  formation  of  a  weak  stationary  dipole  layer  under  the  gate  contact. 
Here  the  x  component  of  electric  field  has  reached  the  N'DM  threshold 
field  value  at  the  drain  edge  of  the  gate  contact. 

We  now  consider  the  presence  of  an  instability.  We  recall  that  for 
iwo-ierminal  devices  the  instability  is  determined  by  the  value  of  the  elec¬ 
tric  field  at  the  cathode  boundary  [8c]  and  that  the  threshold  current  den- 
sin  for  the  instability  is  anywhere  between  and  J„.  where  is  the  cur¬ 
rent  density  associated  with  the  high-field  saturated  drift  velocity  [8c].  In 
contrast,  for  three-terminal  devices,  the  initiation  of  a  domain  instability 
generally  occurs  under  the  gate  contact  and  at  a  local  value  of  current 
density  approximately  equal  to  J„.  Figure  N  illustrates  the  sequence  of 
events  associated  with  an  instability.  Domain  growth  under  the  gate  is  ac¬ 
companied  by  an  increase  in  potential  across  the  device.  A  corresponding 
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decrease  in  current  occurs  throughout  the  device  and  circuit,  as  con¬ 
strained  by  the  dc  load  line.  As  the  current  decreases  carriers  with  veloc¬ 
ities  below  that  of  the  peak  velocity  enter  the  accumulation  layer,  which 
subsequently  begins  to  detach.  The  domain  speeds  as  it  leaves  the  gate 
region  and  settles  into  a  value  of  current  density  somewhat  in  excess  of 
that  associated  with  the  saturated  drift  velocity  of  the  electrons.  Prior  to 
reaching  the  drain  contact,  the  domain  dynamics  appear  to  be  one¬ 
dimensional. 

0.  Two-Dimensional  Analysis  of  a  Silicon  MOSFET 

Although  a  large  body  of  gallium  arsenide  work  is  still  regarded  as  re¬ 
search  and,  consequently,  only  a  relatively  moderate  amount  of  two- 
dimensional  simulations  have  appeared,  this  is  not  the  case  with  silicon 
devices.  Here  VLSI  requirements  introduce  an  urgency  into  the  studies, 
and  MOS  simulations,  involving  two  types  of  carriers,  are  often  used  as 
an  alternative  to  experimental  investigations. 

For  this  case,  the  basic  semiconductor  equations  are  generalized  so  that 


the  charge  density  in  Eq.  (I)  becomes 

p  =  e[P(x,y,t)  -  N(x,y,t )  +  ND(x,v,t)  -  NA(x,y,t)].  (35) 

The  continuity  equation  is  generalized  so  that 

div  J„  -  e  d[N(x,y,()  -  N0{x,y,t)}/dt  =  G  -  R,  (36a) 

div  Jp  +  e  d[P(x,y,t)  -  NA{x,y,t)]/dt  =  -(G  -  R),  (36b) 

and  the  current-density  equation  is 

J*  =  -  eN(x.y,t)v„  +  eDn  grad  N.  (37a) 

Jp  =  +  eP(x.y,t)v„  -  eDp  grad  P.  (37b) 


The  boundary  conditions,  device  shape,  and  material  parameters  spec¬ 
ify  the  problems  to  be  studied.  Figures  12-14  summarize  the  results  of  a 
recent  calculation  [29]  designed  to  show  the  dependence  of  the  interna! 
charge  distribution  on  the  impurity  concentration  of  an  MOS  transistor. 
The  device  configuration  is  shown  in  Fig.  12.  where  the  line  segment  BE 
represents  the  semiconductor-oxide  interface.  Within  the  oxide  region, 

r-4>  =  0,  (38) 


and  at  the  interface. 
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Fig.  12.  Geometry  for  the  MOSFET  simulation.  The  regions  under  AS  and  EF are  gener¬ 
ally  heavily  doped  n+*  regions.  From  Sclberherrer  at.  [29].  with  permission.©  1980  IEEE. 


As  in  the  MESFET  calculation,  the  carrier  densities  at  the  source  and 
drain  contacts  are  set  equal  to  the  doping  concentration.  No  current  is 
permitted  to  flow  across  the  interface  BE,  the  bulk  control  HG,  or  the  ex¬ 
posed  surfaces  AH  and  FG. 

The  doping  profiles  to  which  the  mobile  electrons  respond  are  shown  in 


Fig.  JJ.  Doping  concentration  of  silicon  MOSFET.  Axes  are  lengths  in  microns.  From 
Selberherr  <■/  ,.  '29],  with  permission  ©  1980  IEEE 
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Fig.  14.  Electron  concentration  of  silicon  MOSFET  under  strong  inversion.  Axes  are 
lengths  in  microns.  From  Selberherr  el  al.  [29],  with  permission.©  1980  IEEE. 


Fig.  13.  In  Fig.  13a,  the  p- type  dopant  is  uniformly  10'7cm\  and  in  Fig. 
13b,  it  increases  at  the  oxide  interface  to  approximately  5  x  10,6/cm3. 
The  surface  concentration  of  the  source  and  drain  regions  is  5  x  l0,9/cm3 
and  the  depth  of  the  p-n  junction  under  the  source  and  drain  is  approxi¬ 
mately  3000  A.  Figure  14a  shows  the  electron  distribution  for  the  first  de¬ 
vice  under  strong  inversion.  The  surface  concentration  in  the  channel  is 
high.  Figure  14b  shows  the  ion-implanted  device  (Fig.  13b)  again  under 
strong  inversion.  As  expected,  the  surface  concentration  has  decreased. 


111.  THE  BOLTZMANN  TRANSPORT  EQUATION 
A.  Introduction 

In  general,  the  free  carriers  in  a  semiconductor  gain  energy  from  the 
electric  field.  This  energy  must  be  relaxed  to  the  lattice  through 
electron  -phonon  interactions.  For  vanishingly  small  values  of  the  electric 
field,  the  energy  gained  from  the  field  is  negligible  in  comparison  with  the 
mean  energy  of  the  carriers,  whether  this  latter  quantity  is  represented  by 
a  thermal  energy  or  by  the  Fermi  energy  in  degenerate  semiconductors. 
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For  larger  values  of  the  electric  field,  the  average  energy  of  the  carriers  is 
increased  by  the  field,  and  the  carriers  are  said  to  be  “hot."  Because  the 
average  energy  of  the  carriers  increases  in  the  field,  the  net  rate  of  phonon 
emission  must  also  increase  to  yield  the  energy  loss. 

The  last  factor  of  increased  emission  of  phonons  to  balance  the  energy 
gain  from  the  field  is  a  consequence  of  detailed  balance.  Consider  a  non¬ 
degenerate  distribution  characterized  by  an  electron  temperature  Tt. 
Phonon  emission  and  absorption  processes  connect  states  at  energy  E 
with  those  at  E  +  hcj0.  The  rate  of  absorption  of  phonons  out  of  the  states 
at  E  is  given  by 

ANq  exp(-£/fcBTe),  (40) 

where  N„  is  the  Bose -Einstein  occupation  factor  of  the  phonons  of  wave¬ 
length  <7  and  kB  Boltzmann's  constant;  the  rate  of  emission  from  the  states 
at  E  +  ti co0  is  given  by 

A(  1  +  N„)  exp [-(£  +  fm0)/kBT'l  (41) 

Now  (1  +  Nq)  =  Nq  exp(/i a>0/kBT0),  where  T0  is  the  lattice  temperature, 
so  that  emission  and  absorption  processes  establish  a  detailed  balance 
when  Tt  =  T0.  If  additional  energy  is  supplied  to  the  electron  gas  by  an 
external  electric  field,  then  the  gain  in  average  energy  is  characterized  by 
a  rise  in  Tt  and  the  emission  processes  increase  over  the  absorption 
mainly  by  the  factor  exp{[fiw0(l  -  Tot/T^/kBTB},  provided  that  the  distri¬ 
bution  function  remains  Maxwellian.  The  amount  of  rise  in  electron  tem¬ 
perature  Te  is  governed  by  the  energy  gains  and  losses  of  the  electron  gas, 
and  a  detailed  balance  is  established  when  the  average  rate  of  energy  loss 
to  the  lattice  -( dE/dt )  equals  the  rate  of  energy  gain  from  the  electric 
field,  or 


e>iF*  =  -(dE/dt).  (42) 

The  problem  of  evaluating  Eq.  (42)  often  reduces  to  one  of  determining 
the  carrier-distribution  function.  At  very  low  electric  fields,  the  distribu¬ 
tion  function  can  be  described  as  merely  a  small  drift  term  superimposed 
on  the  thermal  distribution,  as 

f(E.To)  =  fo(E,To)  +/„  /,  « /o.  (43) 

where  /„(£,7o)  is  the  Maxwell -Boltzmann  (or  Fermi -Dirac)  distribution 
at  the  lattice  temperature  T0.  When  the  electric  field  becomes  sufficiently 
large,  however,  that  the  procedure  of  (43)  can  no  longer  be  used,  we  are 
said  to  be  in  a  high-field  regime  and  hot-electron  (or  hole)  effects  must  be 
considered  [9],  The  overriding  theoretical  concern  in  high-field  transport 
is  one  of  discerning  the  form  that  the  distribution  function  takes  in  the 
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presence  of  the  electric  field.  In  semiclassical  transport,  this  distribution 
function  is  given  as  a  solution  to  the  Boltzmann  transport  equation  (BTE). 
Because  of  the  very  complicated  nature  of  the  BTE — the  fact  that  it  is  a 
nonlinear,  integrodifferential  equation — it  is  usually  not  possible  to  solve 
it  analytically  and  several  possible  assumptions  can  be  made.  This  aspect 
was  recognized  early,  and  much  work  was  done  in  the  mid- 1930s  by  sev¬ 
eral  Russian  authors  [30,31].  Since  then  a  considerable  amount  of  work 
has  followed,  both  theoretical  and  experimental.  One  reason  for  this  lies 
in  the  manner  in  which  investigations  of  the  high-field  transport  yield  in¬ 
formation  on  the  details  of  the  electron -phonon  interaction  and  the  in¬ 
teraction  of  the  carriers  with  themselves  and  with  impurities.  Another 
major  reason  is  the  role  played  by  hot-electron  behavior  in  the  operation 
of  electron  devices. 

In  spite  of  the  many  studies  of  hot-electron  (and  hot  hole)  behavior,  the 
central  problem  underlying  the  entire  area  remains  that  of  trying  to  under¬ 
stand  the  manner  in  which  the  distribution  function  of  the  electrons  is  mod¬ 
ified  by  the  presence  of  the  electric  field.  This  is  true  whether  we  are 
dealing  with  a  bulk  material  or  the  current  response  in  a  device.  It  is  also  a 
formidable  experimental  problem  [32].  I.n  general,  the  Boltzmann  trans¬ 
port  equation  can  be  expressed  in  its  most  general  form  as 

^+vJ£-eF--|£«J  </p'[/(p')  W(p',p)  -  /(p)  W(p,p')],  (44) 

where  /(r,p,t)  is  the  carrier-distribution  function.  Generally  for  the 
steady-state  response,  the  first  two  terms  on  the  left  are  ignored  and  the 
distribution  is  a  function  of  the  carrier  pseudomomentum  p  =  fik  and  the 
energy.  It  is  important  to  note  that  the  Boltzmann  transport  equation  as¬ 
sumes  that  the  collisions  are  instantaneous  in  both  space  and  time  and 
that  the  field  and  scattering  are  different  perturbations.  In  spatially 
varying  problems,  the  addition  of  the  position  vector  r  brings  about  an  ef¬ 
fective  lowering  of  the  symmetry  of  the  problem  and  complicates  the  solu¬ 
tion  of  ine  Boltzmann  equation  (or  an  equivalent  formulation).  One  can 
usefully  classify  the  various  phenomena  or  solutions  upon  the  level  of  this 
symmetry.  Where  hot-carrier  behavior  is  not  considered,  a  single  dimen¬ 
sion,  the  electron  energy  £,  is  sufficient.  If  an  axis  of  rotational  symmetry 
exists  for  the  hot-electron  problem,  perhaps  along  the  electric  field  direc¬ 
tion,  then  two  variables,  p  (or  E )  and  6 ,  are  all  that  is  required.  In  many 
cases  the  problem  is  more  complicated,  however.  But,  in  some  circum¬ 
stances.  an  analytical  form  can  be  assumed  for  the  distribution  function 
and  if  this  form  depends  only  on  a  small  number  of  parameters,  then  the 
zero-dimensional  case  results.  In  this  latter  case,  simple  equations  for  the 
evaluation  of  these  parameters  can  be  found,  usually  from  moments  of  the 
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BTE  [33].  In  other  cases,  no  approximations  can  be  made,  and  detailed 
numerical  techniques  must  be  used.  In  modern  transport  theory,  approxi¬ 
mation  techniques  based  on  Legendre  expansions  for /(p.r)  no  longer  find 
much  usage.  Modern  computers  allow  relatively  rapid  solution  of  detailed 
equations,  and  so  the  two  approaches  just  discussed  receive  extensive 
usage.  Which  of  the  two  methods  is  to  be  preferred  depends  on  the  rate  of 
intercarrier  energy  exchange,  discussed  by  Hearn  [34]. 

B.  Displaced  Maxwellian  Equation 

Frohlich  [35]  first  pointed  out  that  the  isotropic  part  of  the  carrier- 
distribution  function  is  Maxwellian  provided  that  the  carrier  concentra¬ 
tion  exceeds  a  certain  critical  concentration;  i.e.,  provided  that  the  rate  of 
intercarrier  energy  exchange  is  sufficiently  large.  Under  conditions  for 
which  the  anisotropic  terms  can  be  taken  as  small,  Frohlich  and  Paranjape 
[36]  pointed  out  that  a  displaced  Maxwellian  distribution 

/(£)  =  A  exp[-  (£  -  v,  •  p )/fcBrj.  (45) 

containing  the  electron  temperature  Te  and  drift  velocity  vd  as  parameters, 
could  be  utilized.  This  is  then  the  hot-electron  distribution  in  the  approxi¬ 
mation  for  which  the  critical  carrier  concentration  is  exceeded,  and  the 
parameters  are  then  determined  from  balance  equations,  which,  in  turn, 
are  obtained  from  the  Boltzmann  equation.  Following  the  approach  of 
Price  [37],  Eq.  (44)  is  multiplied  by  any  function  <f>(p)  and  integrated  over 
p.  For  electrons  within  a  single  valley,  this  gives 

Jr  <<*>  +  ^  '  <<*>v>  =  -  (eF  •  ~  </>)  +  (|  dp'  [<£(p’)  ~  <Kp)]W(p,p')^ . 

(46) 

The  last  term  on  the  right  arises  from  an  interchange  of  variables  involved 
in  the  double  integration.  The  terms  on  the  left-hand  side  vanish  for  the 
homogenous  steady  state.  For  <f>  equal  to  p,  the  first  term  on  the  right  is 
just  the  force  F  and  (46)  is  the  momentum-balance  equation.  For  <f>  equal 
to  the  energy  £.  the  first  term  on  the  right  is  vd  •  F  and  (46)  is  the 
energy-balance  equation.  In  particular,  the  factor  within  the  angle 
brackets  in  the  last  term  on  the  right  serves  to  define  the  average  rate  of 
energy  loss  to  the  lattice  by  collisions 

)(  =  j  </p*  [£(p')  -  £(p)]W(p,p  ) 


(47) 
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and  (he  average  rate  of  momentum  loss  due  to  collisions 

4  =  f  dp'  [p'  -  p]H'(p,p')-  (48) 

®  coll  J 

Although  Eq.  (46)  has  been  developed  for  a  single  valley,  the  procedure  is 
readily  extended  to  sets  of  nonequivalent  valleys.  This  is  done  in  Ap¬ 
pendix  A. 

As  an  example,  consider  a  material  such  as  indium  arsenide,  where  the 
scattering  in  the  central  valley  is  dominated  by  the  polar  optical  phonon. 
In  this  case,  the  energy-balance  equation  becomes 

ev6F  =  A,(exp(y  -  x)  -  l]xwi  exp(x/2)K0{x/2),  (49) 

where  Ax  =  eFfl(2/tw0/7rm*)l'I/(exp(y)  -  1),  x  =  fio)0/kBTt,  y  — 
ha)0/kBT0,  and  Ft  is  an  effective  electric  field  describing  the  coupling 
between  the  electrons  and  the  phonons.  Similarly,  the  momentum- 
balance  equation  becomes 

-eF  =  (A,m*ud/3Aw0){[exp(y  -  x)  +  \]Kx(xf2) 

+  [exp(y  -  x)  -  l]K0(x/2)}x311  exp(x/2) 

+  8ud(27rm*fcBre)‘«(37r/ac)-*  (50) 

where  the  last  term  on  the  right  takes  into  account  the  momentum  loss  to 
the  elastic  scattering  by  acoustic  modes.  Now,  Eqs.  (49)  and  (50)  can  be 
solved  simultaneously  to  yield  Tt  for  a  given  electric  field  F,  and  then  this 
result  can  be  used  in  Eq.  (46)  to  find  ud  and,  hence,  ft.  It  should  be  pointed 
out  that  this  is  an  exceedingly  simplified  model,  and  factors  such  as  inter¬ 
valley  transfer  and  band  nonparabolicity  should  be  considered.  However, 
the  results  given  here  are  useful  as  an  illustrative  example  of  the  applica¬ 
tion  of  the  displaced  Maxwellian  technique. 

The  accuracy  of  the  balance  equations  obtained  from  (46)  ranges,  in  its 
applications  to  solving  transport  problems,  from  very  good  to  exceedingly 
poor,  the  latter  in  cases  in  which  the  preceding  assumptions  are  just  not 
valid.  Perhaps  the  most  easily  violated  condition  is  the  critical  carrier  con¬ 
centration  required.  In  the  cases  in  which  the  balance  equations  are  good, 
one  can  use  them  to  infer  energy  and  momentum  relaxation  times  as 

-erE  =  </(£>  A/(vd-F).  (51) 

=  </(p)A/F.  (52) 

It  should  be  pointed  out  that  although  these  definitions  appear  in  the 
balance  equations,  their  validity  goes  beyond  the  displaced  Maxwellian. 
Equations  (47)  and  (48)  can  be  averaged  over  any  distribution  /(£)  to  de¬ 
fine  effective  energy  and  momentum  relaxation  times,  but  the  connection 
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of  this  to  the  electric  field,  as  in  Eqs.  (SI)  and  (S2),  must  be  used  carefully. 
Since  these  times  are  based  on  the  balance  equations,  the  validity  of  their 
definitions  is  inherently  tied  into  the  results,  and  although  any  distribution 
function  can  be  used,  it  must  be  done  judiciously.  One  finds  from  these 
considerations  of  the  relaxation  times  that  the  energy  relaxation  time  re  is 
considerably  longer  than  the  momentum  relaxation  time  rp>  so  that  the 
drift  velocity  responds  to  a  change  in  F  faster  than  the  electron  tempera¬ 
ture  responds.  This  can  lead  to  overshoot  effects  in  the  velocity,  in  which 
vd  rises  to  a  value  corresponding  to  an  electron  temperature  at  the  starting 
time  just  before  the  change  in  F,  then  changes  further  as  the  temperature 
and  distribution  relax  to  the  new  temperature  [3,38,39].  This  time- 
dependent  behavior  and  the  steady-state  ac  cases  can  be  treated  by  using 
the  time-dependent  form  of  (46),  using,  for  example,  a  large,  steady,  dc  F0 
and  a  small,  sinusoidal,  ac  field  Ft  superimposed  upon  it.  In  this  case,  one 
finds  that  the  ac  mobility  includes  terms  like  (1  +  ion p)  and  (1  +  ionE),  re¬ 
flecting  the  two  time  scales  in  the  problem  [40].  More  complicated  time 
variations  have  been  examined  by  Butcher  and  Hearn  [4],  and  spatial 
variations  of  the  displaced  Maxwellian  have  been  considered  by  Bosch 
and  Thim  [41],  We  shall  expand  considerably  on  these  discussions,  with 
particular  attention  paid  to  device  simulation. 


C.  Semiempirical  Transport  Equation  Method 

In  many  cases,  the  BTE  cannot  be  solved  utilizing  a  displaced  Maxwel¬ 
lian,  but  a  set  of  balance  equations  is  desirable  for  simplicity  of  applica¬ 
tion,  especially  in  device  modeling.  An  approach  has  built  up  that 
achieves  this  simplified  goal  and  is  called  (by  us)  the  semiempirical  trans¬ 
port  equation  method  (SETEM).  Equation  (46)  can  be  rewritten  as 

^  +  V  •  <6v)  =  -<eF-  Vp<6>  (53a) 

where  \/-a  is  an  effective  relaxation  rate  for  {<b).  Of  course,  this  quantity 
can  be  calculated  directly  from  the  collision  integrals  (47)  and  (48)  if  the 
distribution  function  is  known.  The  approach  of  the  SETEM  is  similar  to 
that  of  the  semiempirical  tight-binding  method  in  band-structure  calcula¬ 
tions.  where  the  simple  approach  is  used  as  an  interpolation  method. 
Relatively  exact  calculations  of  v(F.t)  and  (f(F.t))  can  be  made  using  the 
numerical  techniques  to  be  discussed.  Then  the  set  of  equations  given  by 
(53)  for  different  functions  6(p)  can  be  fit  to  the  exact  calculations  by 
using  7P.  rE,  .  .  .  as  adjustable  parameters  that  are  functions  of  the  field 
F.  Once  the  relaxation  times  are  known,  the  balance  equations  (53)  can  be 
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used  for  device  modeling  (see  r. g.  Shur  [42]),  and  we  shall  illustrate  this 
next. 

Camez  el  al  [43]  applied  the  SETEM  to  the  modeling  of  submicron 
FETs.  They  obtained  simultaneous  solution  of  Poisson's  equation,  the 
equation  of  continuity,  and  the  time-dependent,  but  spatially  indepen¬ 
dent.  momentum  and  energy  equations.  For  the  latter,  the  SETEM 
equations  are 

d[m*(E)v)/dl  =  -eF  -  [m*(E)u/Tp(£)],  (53b) 

dE/dt  =  -eFv  -  ((£  -  E0)/te(£)].  (53c) 

where  tp(£)  and  te(£)  were  obtained  from  the  steady-state  values  of 
velocity  and  energy 

-tp(£)  =  nt*(E)(v(E))/e(F),  (53d) 

-r£E)  =£-  E^/e(F)(v(E)).  (53e) 

Here  (F)  relates  F  to  energy,  as  in  Eq.  (53g).  For  a  two- valley  semicon¬ 
ductor. 

m*(E)  =  [1  -  NS(F)/N0]m*  +  [Nt(F)/N0m*]  (53f) 

and 

£(£)  =  £c(£)[l  -  NS(F)/N0]  +  [£,(F)Af,(F)/AfJ.  (53g) 


Fig.  15.  Sleady-staio  dnfi  velocity  versus  electric  field:  ( — ).V.,  =  I0,:  cm‘!.  ( - )\.  = 

3  x  |0 ::  cm'1.  From  Camez  <•/  <1 1  (43).  with  permission. 
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Fig.  16.  Steady-state  mean  energy  versus  electric  field:  ( — )Nt  =  10”  cm"1,  ( - )Nt  = 

3  x  lO1'  cm"1.  From  Camez  et  at.  [43],  with  permission. 

Here  N^F),  EC{F),  and  ES{F)  and  the  brackets  (  )  denote  steady-state 
relations. 

Equations  (53b)-(53g)  contain  the  essential  philosophy  of  SETEM  as 
currently  used;  namely,  nonequilibrium  conditions  can  be  obtained  en¬ 
tirely  from  the  steady-state  parameters.  The  calculations  require 
steady-state  values  for  the  field  dependence  of  energy,  velocity,  and  ef¬ 
fective  mass,  which  may  be  obtained  from  Monte  Carlo  method  (see,  e.g., 
Littlejohn  et  al.  [44]).  An  illustration  of  this  is  given  in  Figs.  15-17. 


f  UV/cm) 

Hr.  1?  Steady-state  effective  mass  ratio  versus  electric  field:  ( — ).\ .  =  101'  cm"5. 
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An  important  question  concerning  the  use  of  Eqs.  (53b)-(53g)  is:  How 
good  is  the  approximation?  Clearly,  as  used  by  Carnez  et  al.  [43]  and 
others,  only  two  relaxation  mechanisms,  energy  and  momentum,  are  con¬ 
sidered.  An  extremely  important  relaxation  mechanism  is  intervalley  car¬ 
rier  relaxation.  While  this,  in  principle,  can  be  accounted  for  in  a  general 
SETEM  treatment,  this  has  not  been  addressed  by  Eqs.  (53b)-(53g).  In 
addition,  all  spatial  relaxation  has  been  ignored.  In  submicron  devices 
where  the  fields  are  highly  nonuniform,  spatial  relaxation  may  be  the 
dominant  transient  contribution.  Should  this  occur,  Eqs.  (53b)— (53g) 
would  be  inadequate.  Nevertheless,  as  applied  by  Carnez  et  al..  surpris¬ 
ingly  good  results  can  be  obtained  (see  Figs.  18  and  19). 

0.  Numerical  Techniques 

The  truncation  of  the  expansion  for  the  distribution  function  to  the  first 
two  terms,  as  is  done  in  the  displaced  Maxwellian,  is,  in  general,  not  a 
valid  approach.  It  usually  is  justified  only  in  the  rare  cases  that  eFl  is  small 
compared  with  the  energy  range  over  which  f0  varies  appreciably,  where  / 
is  a  composite  mean  free  path.  The  rapid  variation  of/0  in  the  region  about 
the  optical  phonon  energy  limits  this  truncation  to  small  values  of  the  field 
or  to  cases  of  very  rapid  energy  exchange  via  carrier-carrier  scattering. 
The  problem  is  to  derive  the  distribution  function  for  free  electrons  in  a 
semiconductor  from  a  knowledge  of  the  various  scattering  processes  and 
the  applied  fields.  Although  it  is  possible  to  justify  various  numerical  solu¬ 
tions  of  the  electron-transport  problem  without  specific  reference  to  the 


0  2  ■:  6-10 
T  (pse: 

Fig.  18.  Drift  velocity  versus  time  when  applying  an  electric  field  pulse;  ( — )  analytic  for¬ 
mulation.  (  I  Monte  Carlo  calculations.  From  Carnez  ft  al.  [43).  with  permission. 
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Fig.  19.  Drift  velocity  versus  time  when  applying  an  electric  field  pulse;  ( — )  SETEM  for¬ 
mulation,  (•  •  •)  Monte  Carlo  calculations.  From  Camez  el  al.  [43],  with  permission. 


integrodifferential  form  of  the  Boltzmann  equation,  it  is  more  illustrative 
to  take  this  as  a  starting  point  and,  thus,  to  clarify  the  basic  properties  of 
the  numerical  methods.  For  a  spatially  uniform  electron  system  in  an  ex¬ 
ternal  field  F,  the  time-dependent  Boltzmann  equation  is  given  from  (44) 

as 


~  eF '  ^  +  A(k)]  /(k’r)  =  /  H'(k'»k>/(k'*'>  dk'>  <54) 

where  p  =  6k  and  X(k)  is  the  total  out-scattering  rate  (X  =  1/t)  and  repre¬ 
sents  the  second  term  on  the  right-hand  side  of  (44).  The  term  on  the 
right-hand  side  of  (54)  represents  just  the  in-scattering  contributions. 
However,  the  definitions  in  X(k)  are  relatively  incomplete  since  part,  or 
all,  of  the  X(k)/(k,r)  term  could  be  absorbed  into  the  term  on  the  right.  The 
precise  definition  of  X(k)  and,  consequently,  of  W(k.k')  will  usually  de¬ 
pend  on  the  particular  calculation  to  be  undertaken,  but  the  formal  theory 
is  independent  of  these  considerations.  We  shall  therefore  proceed  as  just 
defined. 

The  inverse  of  the  differential  operator  (54)  is  just  an  integral  opeiatoi 
Budd  [45]  points  out  that  the  integration  is  a  generalization  o!  tin- 
Chambers  [46]  path  integral,  and  the  result  can  be  written  as 

f(k.r)  =  I  <is  I  d k  /(k -  r>H'(k  k  -  '*') 
xexp(-  £a(h  **')./.] 
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The  transformation  of  the  BTE  into  this  form,  when  supplemented  by  nu¬ 
merical  techniques  on  a  grid  of  points  in  k  space,  as  may  be  peformed  on 
modern  digital  computers,  provides  an  extremely  powerful  technique  for 
solving  the  Boltzmann  equation.  It  is  demonstrated,  quite  elegantly,  by 
Rees  [47,48]  that  an  iterative  approach  can  be  utilized  to  great  advantage. 
Moreover,  he  also  points  out  that  the  iterative  solution  is  a  surrogate  for 
the  time  evolution  of/[k,t).  a  point  we  shall  discuss  further. 

An  important  technical  innovation  introduced  by  Rees  [47]  is  the  con¬ 
cept  of  self-scattering,  a  fictitious  scattering  process,  which  does  not  alter 
the  physics,  but  allows  a  great  simplification  of  the  mathematical  detail. 
To  each  side  of  (55)  we  add  a  term  of  the  form 

T(k)  8(k  -  k').  (56) 

In  particular,  the  simplification  arises  if  we  define  this  term  as 

T(k)  =  T  -  X(k).  (57) 

with  T  sufficiently  large  that  P(k)  >  0  for  all  k,  although  adequate  results 
can  often  still  be  obtained  if  this  condition  is  relaxed.  Then,  (55)  becomes 

f(k,t)  =  ds  f  dk'f(k',t  -  s)W*  (k',k  +  exp(-  Pr),  (58) 

where 

W*(k',k)  =  WW.k)  +  T(k)  5(k  -  k').  (59) 

The  iteration  presented  by  Rees  [47,48]  consists  of  two  distinct  parts,  or 
steps.  The  first  part  of  each  iteration  is  represented  in  the  time  domain  by 
the  evaluation  of  an  intermediate  function  g„(k,r)  from  the  nth  iterate 
according  to 


<?n(k.f)  =  j  </k'/n(k\f)H'*(k\k).  (60) 

The  second  part  of  the  iteration  generates  the  ( n  +  l)sl  iterate  /„+,(k.r)  as 
the  causal  solution  of  (44).  recognizing  that  e„(k ,t)  can  be  the  right-hand 
side  and  /( k)  is  replaced  by  /nT,(k.r).  This  causal  solution  is  then 


Physically,  this  last  integral  represents  integration  along  the  trajectory 
(the  path  integral)  and  the  exponential  factor  is  just  the  probability  that  no 
scattering  has  occurred  during  the  traverse  of  the  path.  The  appeal  to  the 
stability  of  the  steady  state  gives  the  result  that  the  final  distribution  func- 
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tion  arises  from 

/(k)  =  lim/,*,(k,f),  (62) 

and  since  the  scattering  factors  and  path  variables  shape  /(k),  the  initial 
guess  for /,(k)  is  not  critical.  There  is  the  further  useful  result  that  with 
T(k)  defined  as  in  (57), 

lim  /„(  k)  =  /(k.n/n.  (63) 

N 

Rees  [47],  in  arriving  at  this  result,  shows  that  each  iteration  is  equivalent 
to  a  time  step  of  1/T.  However,  whatever  value  of  T  is  chosen,  the  re¬ 
sulting  steady  state  f[ k)  is  the  same.  The  time-development  capability, 
however,  allows  a  description  of  the  approach  to  equilibrium  from  any 
given  initial  function  to  be  ascertained,  and  by  varying  the  field  between 
iterations,  the  time-dependent  response  can  be  found. 

It  can  be  readily  observed  that  the  iterative  approach  represents  a  chain 
of  integrations,  representing  alternate  applications  of  a  path  integral  and  a 
scattering  integral.  The  entire  chain  operates  on  an  initial  trial  function. 
This  chain  suggests  an  alternative  approach  to  the  solution  of  (54),  the 
Monte  Carlo  evaluation  of  the  integrals.  In  this  latter  case,  a  two-step 
iteration  is  also  followed.  The  first  step  is  a  path  traversal,  terminated  at  a 
time  t  selected  on  a  random  value  of  the  function  exp(-rr).  The  second 
step  involves  scattering  from  the  state  resulting  at  the  end  of  this  traverse 
to  a  new  state.  The  new  state  is  governed  by  the  type  of  scattering  process 
used  and  this  latter  quantity  is  randomly  selected  from  those  present. 
That  is,  a  typical  electron  is  considered  at  /  =  0  to  be  accelerated  to 
where  f,  =  ln(/?,)/r  and  /?,  is  a  random  number.  At  r,,  the  electron  has 
been  accelerated  to  a  state  (k,,£,).  At  this  point,  the  relative  probability  of 
the  /th  scattering  event  is  A,(£,)/r,  where  \,  +  \2  +•■•+  A„  =  T,  in¬ 
cluding  self-scattering.  The  particular  scattering  event  is  selected  by  a 
second  random  number  R«  as  the  (th  process  when  A,  •  •  •  +  A*_,  < 
T /?,  <  A,  +  •  •  -  -  A*...,  +  At...  The  properties  of  this  scattering  event 
are  then  used  to  determine  the  final  state  (k _>.£2),  which  is  used  as  the  new 
t  =  0  state  and  the  process  repeated.  If  the  states  (k ,.£,)  are  tabulated  in  a 
k-space  grid,  then  their  distribution  becomes  a  representation  of/(k).  An 
estimator  for  the  physical  variable  <f>,  such  as  the  velocity,  is  generated  as 
2d>(k,)/(number  of  scatterings),  where  the  sum  runs  over  all  of  the  scat¬ 
terings.  The  validity  of  such  an  average  lies  in  the  ergodicity  of  the  physi¬ 
cal  process,  providing  that  a  sufficiently  large  number  of  iterations  has 
been  used.  The  basic  Monte  Carlo  technique  was  first  put  forward  by 
Kurosawa  [49],  but  its  full  capabilities  were  not  evident  until  the  introduc- 
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(ion  of  self-scattering  by  Boardman  et  al.  [SO].  The  application  of  Monte 
Carlo  to  time-dependent  phenomena  is  restricted  to  cases  where  o>  «  T, 
because  of  the  need  to  establish  equilibrium  among  the  states. 

Comparison  of  Techniques 

In  Fig.  20,  a  velocity -field  curve  is  shown  for  electrons  in  the  central 
valley  of  gallium  nitride  as  found  from  two  methods  of  calculation.  The 
curve  calculated  from  a  Monte  Carlo  technique  by  Littlejohn  et  al.  [53]  is 
contrasted  with  that  calculated  by  a  displaced  Maxwellian  by  Ferry  [54], 
The  difference  between  the  two  lies  in  the  anisotropy  introduced  by  the 
polar  optical  phonon  scattering.  For  low  carrier  concentrations,  this  an¬ 
isotropy,  due  to  the  small  angle  of  scattering  in  this  situation,  leads  to 
streaming  of  the  carriers.  The  streaming  effect  is  generated  by  a  spike  in  k 
space  directed  along  the  electric  field.  To  model  this  adequately  by  a 
Legendre  expansion  would  require  an  exceedingly  large  number  of  terms 
to  be  retained.  At  high  densities,  however,  carrier-carrier  scattering  will 
cause  the  spike  to  be  dissipated.  Which  of  the  two  curves  is  correct  de¬ 
pends  on  the  degree  to  which  the  carrier-carrier  interaction  is  significant 
in  the  development  of  the  distribution  function. 

In  Fig.  21,  the  opposite  case  is  shown.  Here  the  velocity -field  curve  of 
Si  at  N0  -  10'7  cm-3  is  shown.  In  this  case,  the  nonpolar  optical  phonons 
are  relatively  isotropic  scatterers  and  carrier -carrier  scattering  is  large. 
Here,  the  two  methods  of  calculation,  Monte  Carlo  and  drifted  Maxwel- 
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Fig.  20.  The  dr::  velocity  in  GaN  at  300  K  as  calculated  by  a  Monte  Carlo  technique  [51] 
I—  anJ  by  a  displaced  Maxwellian  [52]  t - 1.  The  differences  are  discussed  in  the  text. 
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Field  (kV/em) 

Fig.  21.  The  drift  velocity  in  Si  at  300  K  as  calculated  by  a  Monte  Carlo  technique  [55] 
( — )  and  by  a  displaced  Maxwellian  ( - ). 


lian,  agree  quite  well  in  this  high-field  region.  We  might  also  expect  the 
two  methods  to  agree  well  for  GaAs,  if  the  carrier  concentration  is  high, 
such  as  10,T  cm"1,  and  the  scattering  is  dominated  by  the  intervalley 
phonons.  This  is  shown  in  Fig.  22  for  the  transient  velocity  in  GaAs  at  10 
kV/cm.  This  figure  also  shows  the  importance  of  having  T  »  &>max,  as 
previously  mentioned,  where  <ymax  is  the  highest-frequency  component  in 
the  transient  response. 

The  explicit  representation  of  the  actual  distribution  function,  such  as 
occurs  in  the  iterative  solution  and  to  a  lesser  extent  in  the  Monte  Carlo 
approach,  has  natural  advantages.  Effects  that  are  nonlinear  in /(E),  such 
as  carrier-carrier  scattering  and  degeneracy  of /(E),  can  readily  be  incor¬ 
porated  into  the  calculations.  The  details  of  the  scattering  are  fully  tied  up 
in  the  terms  W*(k.k')  and  Hit),  so  no  conceptual  difficulty  arises  in  incor¬ 
porating  nonphonon  scattering  events  such  as  impact  ionization  [51],  op¬ 
tical  carrier  generation  (52).  or  even  cyclotron-resonance-type  transi¬ 
tions. 


E.  Velocity  Transients 

In  traditional  semiclassical  approaches  to  solutions  of  the  BTE,  it  is  as¬ 
sumed  that  the  response  of  the  carrier  to  the  applied  force  is  simultaneous 
with  the  applied  force,  even  though  the  system  may  undergo  subsequent 
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Fig.  22.  Comparison  of  the  transient  dynamic  response  of  electrons  in  GaAs  for  a  field  of 
10  kV/cm  at  300  K.  The  solid  curve  is  the  result  of  a  displaced  Maxwellian  [59],  while  the 
data  curves  labeled  a.  b.  and  c  are  Monte  Carlo  results  for  T  =  I  x  I0,<.  3  x  10‘\  and  5  x 
I0‘\  respectively  (55]. 

relaxation.  However,  on  the  short  time  scale  of  the  velocity  transient,  a 
truly  causal  theory  introduces  memory  effects  that  lead  to  convolution 
integrals  in  the  transport  coefficients  [55-62], 

In  this  section,  we  shall  provide  the  detailed  derivations  of  this  memory 
or  retardation,  showing  in  complete  form  both  the  momentum  and 
energy-balance  equations  for  a  drifted  Maxwellian  approach.  The 
energy-balance  equation  involves  retardation  of  the  collisional  energy 
relaxation  by  the  nonzero  collision  duration  only.  However,  the  colli¬ 
sional  momentum  relaxation  is  retarded,  not  only  by  this  effect,  but  also 
through  the  normal  memory  effect.  In  order  to  allow  completeness,  we 
shall  also  include  here  the  finite  collision  duration  discussed  in  the  next 
section. 

The  Boltzmann  transport  equation  is  valid  in  the  weak  coupling  limit  in 
which  the  collisions  can  be  treated  independently  and  perturbatively.  It 
can  readily  be  developed  from  more  exact  density  matrix  equations, 
in  which  the  field  contribution  also  appears  as  a  differential  superoperator 
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in  the  momentum  representation  [55].  in  the  case  where  the  held  is  large 
and/or  the  collision  duration  is  significant,  the  collision  integral  in  the 
BTE  generalizes  to  a  form  involving  the  replacement  of  the  energy- 
conserving  6  function  factors  in  the  Golden  Rule  transition  rates  by  a  path 
integral  over  the  time  /  into  a  collision  [63-65],  and  the  BTE  becomes 

Jt  -  *  V  =  f‘  dt'  [x  S(p.pV  w.r  -  n 

-  £  S(p',p,f')/(p,r  -  n]  -  (64) 

p'  J 

The  right-hand  side  of  (64)  is  defined  as  the  collision  integral,  and  the  de¬ 
tails  of  the  transition  terms  take  the  form,  for  inelastic  phonon  scattering, 
of 


5(p,p';/,0  =  ^  RefHTp.p')  exp 

x  6p.p<+„  exp  £  -  i  £  0(p,p';n]  ,  (65) 

where 

/3(p,p';r")  =  £[p(r-)3  -  E[p'(r")]  +  v***  <66> 

and  the  term  in  exp(-  r/rr)  weights  the  time  variation  with  the  lifetime  of 
the  quasi-practical  states  and  VVXp.p')  in  2ir/fi  times  the  square  of  the  per¬ 
turbing  matrix  element.  The  momenta  p,p'  are  explicit  functions  of  the  re¬ 
tarded  time  t  on  the  right-hand  side  through  the  relationships. 


p(F)  =  p  - 

j'  enn  dt ", 

(67a) 

p'(f’)  =  p'  - 

j'  eF(r")  dt\ 

(67b) 

The  two  exponential  factors  in  Eq.  (65)  are  related  to  the  joint  spectral 
density  function,  which  reduces  to  an  energy-conserving  5  function  in  the 
instantaneous  collision,  low-field  limit.  Here  E(p)  is  the  quasi-particle  re¬ 
normalized  electron  energy,  fi/r  the  joint  linewidth  due  to  collisional 
broadening  of  the  initial  and  final  states,  and  17  takes  the  values  +  I .  -  1  for 
phonon  emission  or  absorption,  respectively,  in  the  in-scattering  term. 
For  the  out-scattering  term,  the  roles  of  p.p'  are  interchanged,  although 
this  does  not  upset  detailed  balance  in  the  equilibrium  sense. 

In  small  semiconductor  devices,  where  the  dimensional  scale  is  of  the 
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order  of  1.0  /tin  or  less,  the  carrier  concentration  will,  in  general,  be  rela¬ 
tively  high.4  Under  these  conditions,  the  anisotropic  terms  in  the  distribu¬ 
tion  function  are  small  and  a  parameterized  distribution  function,  the  dis¬ 
placed  Maxwellian,  can  be  utilized.  With  this  assumption,  a  hierarchy  of 
moment  equations  can  be  generated  from  the  BTE,  from  which  the 
various  parameters  can  be  determined.  A  normal  expansion  of  the  dis¬ 
placed  Maxwellian  appears  as  Eq.  (45),  but  for  a  form  required  for  the 
memory  functions,  we  specify  f(E)  by  the  ansatz 

f(E)  oc  J‘  dr  [s(r  -  r)  -  vd(t  -  t)  j-r  (p  /0(E,t),  (68) 

where  the  two  derivatives  are  required,  respectively,  to  preserve  the  di¬ 
mensionality  and  to  bring  /3e  (=l/kBTt)  into  the  second  expression  in 
the  bracket.  In  the  limit  of  long  times  Eq.  (68)  reduces  to  (45).  Here 
/0  =  exp(-/3 tE). 

We  now  take  the  Laplace  transform  of  (64)  as  follows:  assuming  a  single 
spherical  isotropic  conduction  band, 

sf(p,s)  -/(p.O)  -  eF-  Vp/(p,j) 

=  E  WP-PW,*)  -  /(p,*)W(p\p)}G(5)  (69) 

where 


/; 


G(s)  =  Re  exp(-jr)exp 


+  i 


.  eF  -  (p  -  p')  , 


2m*h 


[i(E  -  e  i 

’-fU 

*rJ 


(70) 


and  the  time  dependence  in  (67)  has  been  explicitly  expanded.  The  second 
exponential  in  the  integral  is  a  very  rapidly  oscillating  function  and  we  can 
generate  a  first-order  estimate  by  an  asymptotic  approximation  to  G(s). 
We  do  this  within  the  spirit  of  the  method  of  stationary  phase.  The  first 
exponential  can  be  brought  outside  the  integral  and  evaluated  at  tc,  the 
time  for  which  the  phase  in  the  second  exponential  is  zero.  We  expect 
then  that  jtc  will  be  small,  the  more  so  because  we  generally  must  take  the 
limiting  case  of  s  small  to  assure  that  the  collisions  are  complete.  Under 
these  assumptions,  we  can  make  the  approximation 


exp(-  jrc)  =  I  -  jrf  =  (1  +  srr)~'.  (71) 

The  remaining  integral  is  just  the  field-shifted  and  -broadened  joint  spec- 


*  See,  for  example  the  arguments  on  size  scaling  in  Hoeneisen  and  Mead  [66). 
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tral  density  function  [63-65],  which,  in  the  limit  of  small  held  and  large  rr, 
reduces  to  ir  6(£  -  E'  ±  ha %),  the  normal  form.  While  the  exact  form  of 
the  integral  is  not  easily  analyzed  in  physical  terms,  a  simple  perturbation 
expansion  allows  us  to  model  all  but  the  irrelevant  fast  oscillatory  behav¬ 
ior  by  approximations  [67]. 

Using  these  forms  for  the  function  G(s),  we  can  rewrite  (69)  as 
s/(p,s)  -AP.O)  ~  Vpf(p,s) 

-  y  2  Wp.pW.*)  -  w(p'.p)f(p,s)]  (72) 

We  can  now  multiply  by  an  arbitrary  function  <£(p)  and  eventually  sum 
over  all  final  states  p.  Then  a  general  approach,  such  as  in  Appendix  A  for 
developing  moment  equations,  can  be  followed  using  the  transformed  ver¬ 
sion  of  Eq.  (68).  These  balance  equations  are  developed  in  the  trans¬ 
formed  domain,  however,  and  must  be  inverted  to  obtain  the  time 
response.  The  results  are:  for  the  energy  equation, 

Jt  (|  *b7;)  =  -e¥- vd(r)  -  J‘  exp  <rE(f  -  r)>  dr,  (73) 

where  we  have  recognized  that  (<f>)  =  lkBTt/2  when  <f>  =  E,  and  TE(f)  is 


Tl*-‘E 

Fig.  23.  Transient  dynamic  response  of  carriers  in  silicon  at  300  K.  It  is  assumed  the  car¬ 
riers  see  a  homogeneous  field  of  20  kV/cm  that  is  applied  at  r  =  0.  Curve  a  shows  the 
response  neglecting  the  shon-time  effects  but  including  the  w  eakening  of  the  collision  in  the 
high  field.  Curve  b  includes  the  effects  of  retardation  due  to  the  nonzero  collision  duration 
alone  Curve  c  includes  the  memory  effects  alone.  Curve  d  includes  all  effects  according  to 
Eqs  (73)  and  (74). 
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now  defined  by  (47):  and  for  the  momentum-balance  equation. 

=  ~*¥  ~~  fe  -  T>  Jo  <r«(T  ~  r'»  cxp  (~")  dr' dr-  V*) 

If  rc  -►  0  and  vd  is  slowly  varying,  then  (74)  reduces  to  the  normal  form 
(46)  and  rm  is  recognized  as  the  rate  of  momentum  relaxation  (48).  The 
various  convolutions  introduce  a  significant  temporal  retardation  in  the 
rate  of  momentum  relaxation.  Although  Eqs.  (73)  and  (74)  include  signifi¬ 
cant  corrections  on  a  short  time  scale,  there  is  reason  to  believe  that  fur¬ 
ther  corrections  still  need  to  be  included. 

In  Fig.  23,  the  transient  response  of  the  electrons  in  Si  to  a  steady 
homogeneous  field  of  20  kV/cm  is  shown.  Although  the  retardation  due  to 
the  nonzero  collision  duration  acts  to  speed  up  the  response,  the  domi¬ 
nant  factor  is  the  memory  effect  of  fm  and  t>d.  The  coilisional  retardation 
speeds  up  the  process,  however,  primarily  because  of  the  effect  of 
slowing  down  changes  in  the  effective  energy  via  coilisional  relaxation. 

F.  Device  Simulation  from  the  Boltzmann  Transport  Equation 

Based  on  the  preceding  discussion,  it  is  clear  that  mobility  models  will 
have  limited  usefulness  in  submicron  and  high-frequency  devices.  The  ex¬ 
tent  to  which  this  is  true  is  material-dependent  and  is  most  likely  to  be  re¬ 
vealed  by  device  simulations.  Complete  one-  and  two-dimensional  simu¬ 
lations  involving  solutions  of  the  BTE  are  only  sparsely  available.  Rather, 
bits  of  the  problem  are  treated.  Here  Monte  Carlo,  iteration,  and  moment 
methods  are  used  and  in  the  following  we  shall  illustrate  some  results, 
drawing  on  GaAs,  as  the  nonlocal  spatial  and  temporal  contributions  are 
dramatically  enhanced  by  the  transferred  electron  effect.  Our  approach 
will  emphasize  the  displaced  Maxwellian  moment  equations,  primarily 
because  of  intuitive  advantages  and  for  the  relative  ease  with  which 
space-charge  contributors  can  be  handled. 

The  device-moment  equations  [68]  for  a  displaced  Maxwellian  of  the 


form  given  by  Eq.  (A-l),  are 

O/V./ar)  +  V  ■  (v,  A')  =  (dNjdt)c%  (75) 

OP  ,/dr)  +  V-  (v,P,)  =  -eN,F  -  V(.\ -faT,)  +  (a  P,/ar)f.  (76) 

(d\V,/di)  +  V-  (v,  W,)  =  -eN^r  F  -  V  •  (v.-V.^T.) 

-V  •  q,  +  OVV,/8/),.  (77) 

where  the  subscripts  identify  a  particular  valley.  Here 

P,  =  m.NjVt,  (78) 
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W^lNM  +  lnuNtf.  (79) 

m,  is  the  effective  mass  of  electrons  in  the  ith  valley,  and  T,is  the  electron 
temperature  of  the  ith  valley,  and  W,  is  regarded  as  the  average  total 
kinetic  energy  density. 

These  equations  have  simple  physical  interpretations.  For  Eq.  (75),  the 
increase  of  electron  density  plus  the  outflow  of  electrons  equals  the  in¬ 
crease  of  density  due  to  collisions.  For  Eq.  (76),  the  left-hand  side  is  the 
rate  of  change  plus  the  outflow  of  momentum  density  of  the  ith  valley. 
The  right-hand  side  represents  the  forces  exerted  by  the  electric  field  and 
by  the  electron  pressure  rt(ka  Tf  and  the  rate  of  momentum  density  gained  in 
collisions.  For  Eq.  (77),  the  left-hand  side  contains  the  rate  of  change  plus 
outflow  of  total  kinetic  energy  density.  The  right-hand  side  represents  the 
energy  supplied  by  the  electric  field,  the  work  performed  by  the  electron 
pressure,  the  divergence  of  the  heat  flow  q( ,  and  the  rate  of  change  of  total 
kinetic  energy  density  due  to  collisions. 

When  the  transport  equations  are  derived  by  integration  of  the  Boltz¬ 
mann  equation,  the  heat-flow  vector  q(  appears  as  a  third  moment  of  the 
distribution  function.  With  the  assumption  of  displaced  Maxwellian  distri¬ 
butions  (or  any  symmetric  distributions),  these  moments  vanish.  In  spite 
of  this,  following  Blotekjar  [68],  we  may  allow  for  heat  conduction  by 
assuming 

q  (80) 

where  K,  is  the  heat  conductivity  of  the  electron  gas  in  the  ith  valley.  This 
term  is  believed  to  represent  the  most  important  effect  of  a  non- 
Maxwellian  distribution  function  [68]. 

The  {b/dt)c  terms  in  Eqs.  (75)— (77)  represent  scattering  integrals.  They 
may  be  given  in  approximate  form  by  Eq.  (49),  for  example,  for  polar  op¬ 
tical  scattering  or  in  exact  form  for  the  displaced  Maxwellian.  In  the  fol- 
:  lowing  simulations  we  chose  the  latter  and  use  the  integrals  summarized 

by  Butcher  [2]  (see  also  Blotekjar  and  Lunde  [69]).  The  scattering  inte- 
l  grals  are  then  represented  as 

<W8r),  =  +  (\,/tv„).  (81) 

m*t)c  =  -P./rp,.  (82) 

(,HV,/8r),  =  -hS’.k^rjTyJ  -  iAN.knTJriJ-  (83) 

J  We  illustrate  a  set  of  scattering  curves  for  a  I’-A"  orientation  in  Fig.  24. 

The  parameters  used  in  the  calculations  are  given  in  Table  II.  These  re¬ 
sults  should  be  compared  to  those  of  Bosch  and  Thim  [41],  We  retain  the 
V-X  orientation  because  most  of  the  early  moment  equations  were  evalu- 
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T£MP£RiTuaE  x  300  K 

Fig.  24.  Scattering  rates  for  the  parameters  of  Table  II.  Integrals  are  from  Butcher  [2]. 
Curves  shown  are  1(1),  CV  particle;  1(2).  SV  panicle;  1(3).  CV  momentum;  1(4),  SV  mo¬ 
mentum;  1(5).  CV  energy;  1(6)  SV/CV  energy;  1(7).  SV  energy;  1(8)  CV/SV  energy. 

ated  for  this  ordering.  Changing  to  a  T-L  orientation  (see,  e.g.,  Littlejohn 
ei  at.  [44],  would  offer  only  quantitative  differences  and  might  obscure 
some  of  the  discussion. 

T.  Recovery  of  the  Semiconductor  Equations.  Comparison 
to  Nonlocal  Equations 

In  analyzing  transport  from  the  nonlocal  balance  equation,  we  are 
sometimes  interested  in  recovering  the  ordinary  semiconductor  equations 
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TABLE  II 

Parameters  Used  in  Calculation 


Parameters 

r«)oo) 

WOO) 

Common 

Number  of  equivalent  valleys 

i 

3 

Effective  mass  (mr) 

0.067 

0.40 

T -X  Separation  (eV) 

0.36 

Lattice  constant  (A) 

5.64 

Density  (gm/cm1) 

5.37 

Polar  optical  scattering 

Static  dielectric  constant 

12.53 

High-frequency  dielectric  C 

10.82 

LO  phonon  (eV) 

0.0354 

P -X  Scattering 

Coupling  constant  (eV/cm) 

0.621  x  10* 

Phonon  energy  (eV) 

0.0300 

X-X  Scattering 

Coupling  constant  (eV/cm) 

1.0.64  x  10s 

Phonon  energy  (eV) 

0.0300 

Acoustic  Scattering 

Deformation  potential  (eV) 

7.0 

7.0 

Acoustic  velocity  (cm/sec) 

5.22  x  10s 

and,  hence,  mobility  concepts.  For  a  single  parabolic  conduction  band, 
we  can  obtain  the  usual  semiconductor  equations  through  judicious 
neglect  of  select  space  and  time  derivatives.  For  example,  in  the  case  of 
continuity,  neglect  of  avalanching  allows  us  to  set  ( dN/dt)c  =  0.  We  then 
obtain  current  continuity  for  one  valley: 

ieS'/dt)  +  V  •  (vM  =*  0.  (84) 

For  the  momentum  term,  we  set  (3P i/dt),.  =  -P,/tp,  neglect  the  terms 
b?Jbi.  and  the  contribution  from  V  •  vP  and  obtain 

A  v  =  P/m  =  -  N/J.V  -  (n  'e)  V(A'A.B7~).  (85) 

where  /j.  =  erv/m.  Then  using  the  Einstein  relation  D(F)  -  n kuT/e ,  we 
obtain 

A’v  =  —N/J.F  —  VA7).  (86) 

We  see  that  within  the  framework  of  the  Boltzmann  picture  even  the  use 
of  the  "semiconductor”  equation  (86)  is  suspicious.  Further  complica¬ 
tions  arise  in  mullivallev  calculations  where  the  mobility  is  taken  as  a 
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weighted  average 


</*(F)>  = 


"  Ne  +  Nt 

and  the  diffusion  coefficient  is  given,  with  limited  validity,  by 


*b  fNc^(F)Tc  +  NtfLt(F)Tt\ 


(Nc  +  Nt) 


Since  we  have  a  more  general  set  of  transport  equations  than  the  semi¬ 
conductor  equations,  we  are  in  a  position  to  isolate  differences  between 
the  two  approaches,  even  on  such  a  relatively  direct  topic  such  as  domain 
propagation.  Cheung  and  Hearn  [70]  examined  this  question  by  consider¬ 
ing  the  mobility  and  scattering  rates  to  be  unique  functions  of  electron 
temperature  rather  than  of  field.  They  are  unique  functions  of  field  only  in 
steady  state.  In  their  study,  the  particle  current  flux  is  given  by  a  multi¬ 
valley  version  of  Eq.  (85): 


Ji  *  -  A f,M)  {f  +  ~^(AM,)}  , 

(88) 

dN{  -bJ,  N,  N i 

dt  bx  +  xSii(Tj)  7sJT(y 

(89) 

with 

1(1 

-  (90) 

We  note  that  Eq.  (88)  neglects  inertial  terms  and  hence  overshoot  effects. 
Figure  25  shows  a  comparison  of  domain  size  using  the  semiconductor 
equations  and  the  BTE.  We  can  see  significant  differences. 

We  consider  some  of  these  inertial  effects  more  closely  by  solving  the 
full  set  of  equations,  (75)— (77),  for  a  one-dimensional  5000-A  GaAs  ele¬ 
ment  with  a  donor  distribution  as  shown  in  Fig.  26.  The  element  is  part  of 
a  resistive  circuit.  The  carrier  dynamics  are  examined  at  two  instants  of 
time.  (Note:  Serious  objections  can  be  raised  to  the  use  of  a  "jellium"  dis¬ 
tribution.  insofar  as  any  combination  of  decreased  donor  density  or  size 
reduction  will  necessarily  introduce  effects  due  to  the  discrete  nature  of 
the  donors.  This  will  be  ignored  in  the  following  discussion. 

As  the  bias  is  turned  on.  there  is  an  increase  in  potential  across  the  de¬ 
vice  and  a  corresponding  increase  in  current  and  field.  The  field  is  com¬ 
puted  self-eonsistently  and  its  slope  reflects  any  incomplete  screening  of 
inhomogeneities,  the  mobile  carriers.  For  the  device  in  the  schematic  con¬ 
figuration  of  Fig.  26.  as  the  field  is  rising,  energy  relaxation  is  incomplete 
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Fig.  25.  Field  profiles  for  a  high-field-propagating  domain.  Dotted  curve  is  obtained  from 
the  mobility  equations.  Solid  curve  is  detained  using  Eqs.  (88)— (90).  From  Cheung  and 
Hearn  [70],  with  permission. 
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Fig.  26.  Schematic  representation  of  device  and  circuit  configuration  for  submicron 
homogeneous  field  profiles.  The  inhomogeneous  doping  profile  is  treated  as  a  "jellium"  dis¬ 
tribution.  The  beginning  and  end  of  this  inhomogeneitv  are  displayed  in  Fig  28c  The  circuit 
equation  for  this  calculation  is  =  d>»  -  IR .  We  set  R  to  the  low-field  resistance  of  the  ele¬ 
ment  and  <6b  =  <68Fi>T.  where  F„  =  4.3  kV/cm  and  L  =  5000  A.  Generalh  .  <6B  is  turned  on 
at  a  finite  rate.  For  these  calculations.  d>B  =  3.0. 
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Rg.  27.  (a)  Fractional  central  valley  population  versus  distance:  (b)  Central  valley  tem¬ 
perature  versus  distance:  (c)  satellite  valley  temperature  versus  distance.  Computation 
occurs  at  time  i/t*  «=  4,  where  r«  is  the  LO  phonon  intervalley  scattering  time  and  equals 
0.32  psec  (see  fig.  24,  curve  1(3)]  and  Tt  is  room  tempera  lure.  The  gradient  of  N  is  zero  at 
the  boundaries.  All  nonuniformities  are  due  to  the  notch. 


and  velocity  overshoot  contributions  are  dramatic  (see  Figs.  27  and  28). 
Here  velocity  is  computed  from  the  equation 


(v{x,t)) 


Pc/mc  +  Ps/ms 
Nr{x,t) 


(91) 


O' 

it) 


0*S?V.Cr  •  •  1000  ^ 

Cc) 

Fig.  28.  (a)  Mean  velocitv  versus  distance:  tb)  field  versus  distance:  (c)  free  carrier  den- 
■>it\  \er>us  distance  at  time  nr0  =  4.  Dashed  curve  denotes  background  densits 
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Fig.  29.  As  in  Fig.  27.  but  at  t/u  =  16. 


An  important  point  to  make  here  is  that  when  spatial  gradients  occur, 
the  carrier  velocity  can  overshoot  its  equilibrium  value  even  though  all 
time  derivatives  (3/3f)  are  zero.  This  was  emphasized  by  Kroemer  [71], 
who  estimated  substantial  overshoot  when  dF/dx  £  F,h/mean  free  path, 
where  the  subscript  “th”  designates  the  NDM  threshold  field.  Thus  spa¬ 
tial  overshoot  should  be  most  pronounced  in  devices  biased  near  the 
NDM  threshold.  The  results  in  Figs.  29  and  30  are  for  bias  fields  substan¬ 
tially  higher  than  the  NDM  threshold.  In  these  figures,  the  fields  are  high 
enough  to  accommodate  almost  complete  transfer.  Here  the  carrier  tern- 
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Fig.  30.  As  in  Fig.  28,  but  at  f/r0  =  16. 
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perature  is  reduced,  the  energy  relaxation  rates  are  shorter,  and  there  is 
virtually  no  overshoot.  These  results  are  virtually  the  same  as  we  would 
obtain  using  the  steady-state  curves. 

The  nonuniform  field  calculations  are  the  clear  order  of  business  in  fu¬ 
ture  numerical  simulations  but  a  catalog  or  results  have  yet  to  be  pro¬ 
duced.  Until  this  is  done,  we  are  forced  to  rely  heavily  on  uniform  field 
analysis. 


2.  Uniform  Field  Transients 


For  uniform  fields,  the  transport  equations  undergo  considerable 
simplifications: 


gidNi  _  -N,  N, 
dt  tk  tn  * 


(92) 


where  a,  denotes  the  number  of  equivalent  /th  valleys.  For  P,  =  P|/Nf, 


dNtPi 

dt 


(93) 


±  (Njfl 

dt  \  2m i 


.  3  -eN'F-n-lNM 

+  2  N‘k‘T‘) - m, - 2^T 


,  3  NM 
2  te. 


(94) 


It  is  instructive  at  this  time  to  rewrite  the  momentum-balance  equation  as 


dp, 

dt 


d  log  AVj 

dt  J 


=  -  eF. 


(95) 


In  this  form,  the  effect  of  intervalley  transfer  enters  as  an  additional  tran¬ 
sient  momentum  scattering  term  [72], 

As  previously  discussed,  dynamic  overshoot  effects  are  consequences 
of  differences  in  momentum  and  energy  relaxation  times.  In  multivalley 
semiconductors,  the  overshoot  contributions  therefore  appear  in  the  mo¬ 
mentum.  as  well  as  the  velocity,  computations.  We  shall  illustrate  this  for 
both  the  central  and  satellite  valleys  and  for  the  situations  where  electrons 
starting  with  zero  drift  velocity  are  subjected  to  a  sudden  change  in  elec¬ 
tric  field. 

For  the  central  valley  and  at  low  values  of  bias,  the  electron  tempera¬ 
ture  is  approximately  equal  to  room  temperature  and  the  ordinary  time- 
dependent  dynamic  behavior  occurs.  At  elevated  bias  levels,  the  electron 
temperature  is  substantially  increased  and  the  momentum-relaxation 
time,  due  to  strong  intervalley  coupling,  decreases  with  increasing  tem¬ 
perature  (Fig.  31).  Thus,  we  see  overshoot,  in  that  the  final  momentum  is 
below  the  peak  momentum  (Fig.  32a).  (We  point  out  that  above  moderate 
temperature  increase'*.  1.0  phonon  intravalley  and  ionized  impurity  scat- 
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Fig.  31.  Central  vallev  momentum  scattering  rates  versus  electron  temperature. 


tering  do  not  provide  a  momentum-relaxation  time  that  decreases  with  en¬ 
ergy.  Intervalley  phonons  are  required.  Indeed,  for  ionized  impurity  scat¬ 
tering.  the  relaxation  time  increases  with  energy.5)  During  this  same  time 
interval,  the  increasing  central  valley  temperature  (Fig.  32b)  results  in 
electron  transfer,  and  the  momentum  density  shows  an  even  greater 
overshoot  (Fig.  32c).  We  now  examine  the  contribution  of  the  term 
d(log  N)/Jr  appearing  in  Eq.  (95).  For  the  central  valley,  where  at  t  =  0. 

-  0.  and  Pc  =  Pi  =  0.  this  term  is  approximately  zero  However, 
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Fig.  32.  Transient  central  valley  behavior:  (a)  momentum  versus  time:  (b)  temperature 
versus  time;  (c)  momentum  density  versus  time.  The  circuit  in  this  calculation  is  the  same  as 
that  of  Fig.  26.  Here,  because  the  field  is  uniform,  we  write  the  circuit  equation  as  Ft  = 
F0  +  R/R,i.  where  i  =  I/N,tvcA  with  v,  =  \Z2mi'kaTt  =  3.7  x  10:  cm/sec.  For  this  cal¬ 
culation  S»  is  10'Vcm5  and  we  have  included  geometrical  capacitance.  For  this  calculation, 
the  normalized  bias  FB  is  turned  on  suddenly  to  the  value  FB  =  5.  which  corresponds  to  an 
average  field  of  21.5  kV/cm  (t0  =  0.32  psec). 


when  we  consider  the  transient  behavior  of  the  satellite  valley,  the  time 
derivative  oflog  Ns  is  important  because  the  change  in  the  satellite  popu¬ 
lation,  relative  to  the  original  number  present,  is  quite  large.  In  addition, 
we  note  that  the  satellite  valley  momentum-relaxation  contribution  is  al¬ 
most  an  order  of  magnitude  larger  than  that  of  the  central  valley.  Thus,  in 
a  time  considerably  shorter  than  that  associated  with  the  central  valley, 
the  satellite  valley  momentum  reaches  the  value 


ps  =  - eF(t ) 


+ 


d  log  Ns ]-• 
di  .  • 


where,  because  the  satellite  temperature  remains  close  to  room  tempera¬ 
ture  for  large  changes  in  field  [73],  the  scattering  rates  may  often  be  taken 
as  approximately  constant.  Combining  both  scattering  contributions,  we 
see  some  overshoot"  due  to  differential  repopulation  but  none  as  dra¬ 
matic  as  that  associated  with  the  central  valley.  Figure  33  illustrates  this 
point.  For  part  (a).  1  corresponds  to  the  increasing  momentum  prior  to 
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Fig.  33.  As  in  Fig.  32,  but  for  satellite  valley  behavior. 

any  significant  electron  transfer;  2  represents  the  scattering  rate  due  to 
repopulation;  3  is  the  steady-state  value.  In  Fig.  33c,  we  show  the  prod¬ 
uct  of  Nt'PJ{Nc  +  3 N't).  Here  the  prime  indicates  population  of  a  single 
satellite  valley  ( Nt  =  3NJ).  We  see  that  as  far  as  the  contribution  to  veloc¬ 
ity  overshoot  is  concerned,  the  electron  transfer  tends  to  wipe  it  out. 

The  average  drift  velocity  versus  time  is  shown  in  Fig.  34  and  is  com¬ 
puted  from 

( Ncpjmc )  +  (A/sPs/mJ 

- nTTn, - '  (96> 

Perhaps  the  most  remarkable  aspect  of  this  result  is  the  very  large  peak 
velocity  prior  to  steady  state  (see,  e.g.,  Ruch  [3]).  This  result  has  been 
one  among  many  that  has  led  some  to  suppose  that  narrow-channel  de¬ 
vices  will  yield  higher  carrier  velocities.  To  some  extent,  high  overshoot 
velocities  are  illusory,  as  they  are  very  sensitive  to  rise  time.  We  shall  il¬ 
lustrate  this  for  a  sequence  of  trapezoidal  bias  pulses,  each  with  a  varying 
rise  time  (see  Fig.  35).  (§ee  also  (74].) 

The  first  set  of  results’is  for  a  relatively  slow  rise  time  and  the  dynamic 
curves  come  very  close  to  the  steady-state  curves  (see  Fig.  36)  A  more 
significant  departure  from  steady  state  occurs  for  the  somewhat  steeper 
rise  time.  In  Fig.  37,  we  see  some  asymmetry  in  the  time  dependence  of 
the  central  valley  population  and  temperature  and  an  increase  in  the  peak 
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Fig.  36.  For  this  pulse,  r,  =  500/r,  (see  Fig.  35),  t,  =  600/ u,  and  i,  =  1200/t*.  (a)  Mean 
velocity  versus  field  (F,  =  4.3  kV/cm);  (b)  central  valley  populations  versus  time;  (c)  central 
valley  temperature  versus  time. 


m  Fm  but  here  r,  =  50/ro.  i:  -  60/'r„.  and  r,  ~  110  r0 


Fig.  37 
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Fig.  38.  As  in  Fig.  36.  but  here  r,  =  S/t,.  t,  =  IO/r„.  and  f. 


\S/rt. 


velocity.  In  the  final  sequence,  we  show  results  for  a  very  short  rise  time. 
We  see  a  dramatic  increase  in  the  peak  velocity  and  clear  asymmetry  in 
the  carrier  dynamics  (Fig.  38).  Indeed,  the  final  point  of  approximately 
zero  field  and  velocity  is  not  an  equilibrium  state.  Rather,  we  have  a  dra¬ 
matic  example  of  velocity  undershoot.  A  longer  time  is  needed  for  the 
electron  temperature  to  approach  equilibrium.  There  are  strong  implica¬ 
tions  here  for  upper-frequency  limits  of  device  operation. 

3.  Determination  of  Maximum  Frequency  for  Small-Signal, 
Large-Signal,  and  Self-Excited  Oscillations 

Perhaps  the  earliest  attempt  to  examine  the  upper-frequency  limit  for 
large-signal  oscillation  was  that  of  Butcher  and  Hearn  [4],  Using  a  set  of 
displaced  Maxwellian  electron  distributions  for  each  valley,  the  set  of  dif¬ 
ferential  equations  [see  Eqs.  (92) —(94 )  for  the  time-dependent  electron 
temperatures,  drift  velocities,  and  valley  populations  was  solved  for  a  dc 
bias  field  plus  rf  field.  The  results  of  their  study  are  sh<  wn  in  Fig.  39. 

In  Fig.  39.  the  mean  drift  velocity  and  satellite  population  are  shown  as 
functions  of  a  total  field  consisting  of  a  dc  field  of  15  kV/cm  and  a  60 
GHz  rf  field  with  an  amplitude  of  13.1  kV/cm.  The  arrows  indicate  the 
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Fig.  39.  Plots  against  field:  (a)  fractional  satellite  population:  (b)  mean  drift  velocity  for  a 
60-GHz  rf  field  of  13.1  kV/Vcm  superimposed  on  a  dc  field  of  15  kV/cm.  The  dashed 
curves  give  the  static  values.  From  Butcher  and  Hearn  [4],  with  permission  of  IEE. 


direction  of  increasing  time  and  the  dashed  lines  represent  the  static  rela¬ 
tionships.  Near  the  maximum  field  of  28. 1  kV/cm.  the  satellite  population 
(Fig.  39a)  approximates  well  the  static  value  because  the  field  is  stationary 
and  the  variation  of  the  population  is  nearly  saturated.  The  curve  is  quali¬ 
tatively  similar  those  of  Fig.  37.  We  see  again  the  higher  satellite  popula¬ 
tion  on  the  downswing  and  the  absence  of  negative  differential  mobility. 
We  point  out  that  these  curves  very  likely  constitute  the  earliest  attempt 
at  including  overshoot  contributions.  For  dc  bias  levels  of  around  10  to  20 
k\  cm  and  ac  levels  of  13.1  to  18.6  kV/cm.  they  obtained  an  upper- 
frequency  limit  of  100  GHz. 

From  the  point  of  view  of  a  device  physicist,  a  driven  oscillator  proba- 
bl>  lies  somewhere  between  a  small-signal  and  a  large-signal  self-excited 
oscillator.  The  self-excited  oscillator  is  perhaps  the  most  interesting  of  the 
three  because  it  highlights  the  tenacious  balance  between  electron 
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Fig.  40.  Self-excited  oscillation  for  the  circuit  displayed  in  Fig.  41,  where  Nt  = 
IO,J/cmJ.  Oscillation  frequency  is  78  GHz. 


transfer  and  sustained  oscillations.  It  is  extremely  sensitive  to  contact, 
space-charge,  and  circuit  conditions  [8c].  We  examine  the  upper- 
frequency  limit  for  the  device  in  a  circuit  with  reactive  elements.  Figure 
40  shows  the  oscillation. 

The  circuit  differential  for  this  oscillation  is  given  by  Eq.  (II).  For  non¬ 
linear  devices,  this  equation  offers  difficulties  in  interpretation.  For  inter¬ 
pretative  ends,  we  replace  the  nonlinear  element  by  a  nonlinear  resistor 
with  the  current -voltage  /0(V)  relation.  Then.  Eq.  (12)  is  conceptually  re¬ 
placed  by  [8c] 


,  .,d-d>  Z0  dl0  d<i>  dd> 

6b  =  +  +  RC~di  +  <t>  +  Rl°- 

cu0  =  (LCr,s.  Z0  =  (L/Cj)112, 


where  dlv  Jo  represents  resistance.  When  dl0/d<b  >  0.  Eq.  (97)  yields 
damped  oscillations.  When  dl0!d<b  <  0,  the  oscillations  grow  in  ampli¬ 
tude.  As  (//  J6  changes  sign  during  each  cycle,  the  correct  set  of  circuit, 
bias,  and  deuce  parameters  can  yield  sustained  circuit-controlled  oscilla¬ 
tions  [8c] 

Several  aspects  of  a  self-excited  oscillation  are  displayed  in  Fig.  40.  The 
current  through  the  load  resistor  is  displayed  in  pan  (b).  the  dynamic  volt¬ 
age  and  I ''  6.  obtained  by  eliminating  lime  between  current  and  device  is 
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shown  in  pan  (b).  We  also  display  the  mean  velocity  (dynamic  conduction 
current).  The  details  of  the  oscillation  will  be  discussed  next. 

As  the  field  across  the  device  increases  and  exceeds  a  threshold,  value 
transfer  begins  to  occur.  However,  because  the  field  changes  more  rap¬ 
idly  than  the  electron  temperature,  more  carriers  are  retained  in  the  cen¬ 
tral  valley,  and  with  higher  momenta  than  steady  state  would  dictate.  This 
effect  is  responsible  for  the  higher  peak  conduction  current.  But  if  the 
increasing  electric  field  sustains  high  fields  for  a  sufficient  duration, 
enough  carriers  will  transfer  to  result  in  negative  differential  mobility 
(NDM),  which  must  be  of  sufficient  magnitude  for  sustained  self-excited 
oscillations. 

On  the  downswing,  the  field  again  changes  more  rapidly  than  the  elec¬ 
tron  temperature  and  more  carriers  are  retained  in  the  satellite  valley;  i.e., 
we  achieve  transient  undershoot.  Now,  although  NDM  is  not  necessary 
on  the  downswing  [8c],  enough  carriers  must  be  returned  to  the  high- 
mobility  valley  for  transfer  on  the  upswing  and  NDM  to  occur.  This 
means  that  the  field  must  change  slowly  enough  to  allow  a  dump  of  carri¬ 
ers  from  the  satellite  to  the  centra!  valley.  If  the  field  changes  too  rapidly, 
too  many  carriers  are  retained  in  the  satellite  valley  and  NDM  is  too  weak 
to  sustain  steady-state  oscillations.  In  Fig.  41,  we  plot  the  maximum  fre¬ 
quency  of  self-excited  oscillations  as  a  function  of  dc  bias. 

The  large  variations  in  field  and  carrier  temperature  for  both  self- 
excited  and  large-signal-driven  oscillations  should  result  in  quantitatively 
different  upper-frequency  limits  than  that  obtained  for  small-signal  oscil- 
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kV/cm 

Fig.  42.  Maximum  frequency  for  small-signal  oscillations 

lations.  We  have  examined  the  latter  by  perturbing  a  nonlinear  element  in 
steady  state.  The  perturbation  is  a  square  wave  voltage  pulse  and  the  re¬ 
sulting  response  is  then  Fourier-analyzed.  The  results  are  shown  in  Fig. 
42.  where  we  plot  the  maximum  frequency  of  small-signal  negative  con¬ 
ductance  as  a  function  of  dc  bias.  The  most  significant  feature  here  is  that 
/mas  for  small-signal  operation  is  significantly  greater  than  that  for  large- 
signal  operation.  We  note  that  when  similar  calculations  with  the  non¬ 
linear  element  driven  by  an  ac  source  of  controlled  amplitude  and 
frequency  are  performed  the  results  bridge  the  small-  and  large-signal 
oscillation  calculations. 

The  explanation  for  differences  in  the  large-  and  small-signal  results  lies 
in  the  energy  scattering  rates  (see  Fig.  24).  For  large-signal  oscillations, 
the  transient  temperature  in  both  the  central  and  satellite  valleys  oscil¬ 
lates  over  a  larger  range  than  that  for  the  small-signal  oscillations  and 
sample  lower  scattering  rates.  This  gives  rise  to  the  reduced  maximum 
frequency  for  the  large-signal  oscillation. 

Detailed  analysis  of  the  frequency  limitation  of  the  transferred  electron 
effect  in  GaAs  using  the  SETEM  approach  was  recently  discussed  by  Rol- 
land  ci  al.  [75],  The\  were  able  to  show  that  reasonable  efficiencies  could 
be  obtained  with  frequencies  up  to  150  GHz  and  offered  the  uniform  field 
mode  as  an  alternative  means  for  circumventing  the  drastic  size  restric¬ 
tion^  usually  associated  with  multimeter  wave  devices. 

4.  Length  Dependence  of  Negative  Differential  Mobility 

We  have  been  di>cussing  the  upper-frequency  limn  of  transferred  elec¬ 
tron  devices  from  the  circuit  viewpoint  and  the  transfer  and  return  of  elec¬ 
tion'  between  the  central  and  s»bsidiar>  valle\'  In  thi>  anabsis  we  have 
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Field  (kV/cm) 

Fig.  43.  Length  dependence  of  negative  differential  mobility. 

not  explicitly  considered  the  following  problem:  When  an  electron  enters 
the  active  region  of  a  device,  it  accelerates  in  the  presence  of  an  applied 
electric  field.  If  the  initial  drift  velocity  of  the  carrier  is  low,  is  the  transit 
length  sufficient  to  cause  electron  transfer  and  negative  differential  mobil¬ 
ity?  The  answer  lies  in  earlier  calculations.  If  the  carrier  experiences  a 
sudden  change  in  field,  the  mean  initial  transient  (/  «  LO  phonon  scat¬ 
tering  time)  will  increase  approximately  linearly  with  time,  followed  by  a 
region  where  v  will  approach  — erF/nt *  for  a  single  valley.  If  the  transit 
time  is  short  enough  to  prevent  significant  transfer,  NDM  will  be  weak,  if 
at  all.  Figure  43  summarizes  where,  for  uniform  fields,  device  length  is  a 
derived  quantity  [74.76],  Here 

L  =  [  v(t)  dr.  (98) 

Jo 

Now  the  velocity  versus  field  curves  and  the  velocity  versus  time 
curves  of  the  type  shown  here  provide  an  indication  of  why  there  is  inter¬ 
est  in  submicron  devices.  The  possibility  exists  for  achieving  very  high 
\elocities  over  very  short  distances.  But.  again,  a  word  of  caution.  The 
calculations  of  Fig.  42  are  for  carriers  subjected  to  sudden  changes  in 
field.  As  we  have  seen,  finite  rise  time  dramatically  reduces  this  peak,  so 
the  results  will  be  somewhat  less  important. 

G.  Ballistic  Transport 

On  the  basis  of  the  discussion  associated  with  Fig.  42.  there  exists  an 
interesting  conceptual  possibility  of  a  "mean”  ballistic  transport,  where  a 

typical”  electron  ma>  "apparently”  travel  without  scattering.  (In  the 
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context  of  semiconductor  carrier  dynamics,  this  concept  of  an  electron 
lucky  enough  to  escape  collisions  was  first  suggested  by  Shockley  [77]  in 
studying  impact  ionization  phenomena.) 

Although  the  physical  concepts  associated  with  ballistic  transport  have 
not  been  completely  discussed,  one  point  should  be  emphasized.  The 
equations  used  tend  to  treat  the  mean  particle  as  if  it  were  an  isolated  elec¬ 
tron  uncorrelated  with  any  other  electrons.  In  actual  fact,  the  correlation 
among  electrons  is  very  important  and  governs  the  transient  response.  As 
a  consequence,  ballistic  transport  based  on  mean  electrons  may  not  be 
appropriate  to  semiconductors.  With  this  caveat,  we  nevertheless  discuss 
some  aspect  of  this  transport.  We  neglect  statistics  and  assume  that  the 
number  of  electrons  involved  has  a  monoenergetic  distribution  and  that 
electron -electron  scattering  has  not  contributed  to  the  broadening  of  the 
distribution  (see  Hess  [78]).  Under  these  conditions,  the  following  three 
equations  are  necessary:  the  conduction  current  equation, 

J  =  Nev,  (99) 

the  Poisson  equation,  and  the  equation  for  electron  velocity  (conservation 
of  energy), 

hm*v\x)  -  e<f>(x)  =  *m*u2(0)  -  ed>(Q),  (100) 

where  t(0)  corresponds  to  some  initial  velocity. 

It  is  clear  that  these  equations  yield  a  set  of  current -voltage  character¬ 
istics  for  any  spatially  dependent  doping  level.  The  simplest  case  to  con¬ 
sider  is  that  for  which  the  charge  density  injected  at  the  cathode  is  consid¬ 
erably  greater  than  the  background  doping  density,  which  is  assumed  to 
be  uniform.  In  this  case  A'0  is  ignored,  and  solutions  are  borrow-ed  from 
the  analyses  of  electrical  phenomena  in  gases  [79].  The  point  we  shall 
emphasize  here  is  the  role  of  the  cathode  on  the  resulting  current  - 
voltage  characteristics. 

First  we  take  the  special  case  in  which  the  cathode  is  an  inexhaustible 
source  of  electrons,  i.e..  iV(.v  =  0)  — ►  .  The  r0  =  0.  and  we  obtain 

Child  s  law  (see.  e.g..  Shur  ci  ul.  [80]). 

J  =  (4€/9)(2e//»i)‘  7-V-'].  (101a) 

(Note:  Assuming  energ>  loss  by  collisions.  Eq.  (101a)  no  longer  applies. 
In  the  simpler  case  where  r  =  fiF.  where  n  is  constant,  the  current  - 
voltage  relation  is  the  same  as  that  for  unipolar  flow  in  dense  gases[79f : 

J  =  (9e/8)M((W.v)-  a').  ( 1 0 1 b) 
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Fig.  44.  Characteristics  of  space-charge-limited  current  with  u  =  fiF  and  zero  cathode 
velocity:  (a)  voltage  versus  distance;  (b)  field  versus  distance;  (c)  carrier  density  versus  dis¬ 
tance:  (d)  current  versus  voltage.  Dashed  line  signifies  possible  thermionic-limited  cathode. 
See  also  Papandor  (81]. 


where  jc  is  the  distance  from  the  source.  Figure  44  [81]  illustrates  the  po¬ 
tential  and  carrier  distribution  for  this  case.)  In  general,  we  may  expect 
the  electrons  to  be  emitted  with  a  finite  velocity.  In  this  case,  /t(.t  =  0)  is 
finite.  Among  the  consequences  of  this  are  that  the  field  at  the  cathode  is 
no  longer  zero.  Then,  if  a  potential  minima  <t>m  occurs  at  a  small  distance 
from  the  origin,  as  shown  in  Fig.  45,  for  example,  beyond  this  minima  the 
system  behaves  as  if  there  were  a  potential  difference  6(L)  +  6m  (see 
Fig.  45)  between  the  anode  and  a  virtual  cathode  at  Xm.  Thus  [79], 


£  (]£\m  (ML)  + 

9  Uv  w  -  xm  ) 


(102) 


Since  we  may  expect  the  cathode  velocity  and,  hence,  Xm  to  depend  on 
the  current,  the  J\6)  characteristics  may  be  expected  to  depan  signifi¬ 
cantly  from  a  relation. 


Pig.  45.  Spacc-charge-limited  current  flow. .  showing  the  influence  of  finite  cathode  veloc- 
i : v  (j>  volute  versus  distance,  tbl  field  versus  distance:  (c)  earner  density  vervir*  distance. 
See  aK.’  I’.ipo'id.ir  (5! ; 
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[Fig.  46.  Suggested  simple  model  for  a  semiconductor  device  showing  the  role  played  by 

the  contact,  space-charge,  and  transport  properties.  The  parameters  are  discussed  in  the  text. 
From  Ferry  tt  al.  [82],  with  permission. 

The  situation  is  even  more  complicated  than  just  stated.  The  cathode 
may  be  thermionically  (see  Fig.  44)  limited,  there  may  be  two-dimen¬ 
sional  variation  in  the  cathode  structure,  the  distribution  of  carriers  at  the 
cathode  may  vary,  etc.  What  this  means  is  that  for  collisionless  transport 
the  I-  V  characteristics  are  dominated  by  boundary  conditions  and  not  by 
ballistics.  From  a  systems  viewpoint,  the  ballistic  device  has  an  equiva¬ 
lent  circuit  like  Fig.  46  [82].  Here  /?, s  and  Cn  define  the  drain  character¬ 
istics,  Rt  and  C,  define  the  source  characteristics,  C  is  the  total  device  and 
package  capacitance,  C'  is  a  space-charge  capacitance,  Ri{  is  the  resist- 
1  ance  due  to  surface  scattering,  and  Z  is  the  carrier  dynamic  impedance, 

which  is  mostly  resistive  in  long  channels  but  will  have  an  inductive  con¬ 
tribution  in  the  ballistic  regime  due  to  carrier  retardation  (see  also  [83]). 
Here,  however,  ac  contact  impedance  may  camouflage  this  contribution. 
The  impedance  Z  is  further  complicated  in  ultrashort  channels  where 
|  transport  is  likely  to  be  dominated  by  size-quantization  effects  [7.84],  It  is 

unlikely  that  Z can  be  observed  in  dc  measurements,  but  the  inductive  na¬ 
ture  should  be  observable  in  microwave  experiments  [83].  or  time-of- 
flight  [85]  techniques  can  be  used  to  observe  the  change  of  v(F)  character¬ 
istics  to  the  characteristic  <bu-. 

Since  the  possibility  of  ballistic  transport  offers  interesting  device  appli¬ 
cations.  care  must  be  exercised  to  avoid  oversimplifying  the  criteria  for  its 
existence.  As  indicated,  the  simplest  condition  for  ballistic  transport  is 
that  the  channel  length  d  be  smaller  than  the  bulk  mean  free  path  /,,.  How¬ 
ever.  a  number  of  effects  conspire  to  make  the  problem  more  compli¬ 
cated.  First,  if  the  overall  device  dimensions  are  such  that  d  =  /,„  carriers 
injected  at  a  nonzero  angle  to  the  channel  may  traverse  trajectories  whose 
path  length  exceeds  /t)  and  will,  therefore,  scatter.  This  will  be  particularly 
important  for  wide  devices.  Second,  if  the  overall  device  dimensions  are 
le>->  than  some  carriers  injected  at  norzero  angles  to  the  channel  direc- 
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lion  may  intersect  the  device  boundaries  and  undergo  surface  elastic  or 
inelastic  scattering.  Depending  on  the  critical  dimension  /„,  surface  scat¬ 
tering  may  extend  through  a  significant  portion  of  the  device  volume. 
Consequently,  /b  should  be  replaced  by  /„  which  depends  on  the  finite 
geometry,  the  electric  field  strength,  and  the  surface/environ  scattering. 
Third,  if  intradevice  scattering  is  negligible,  the  current  flow  may  be 
space-charge-limited  because  of  Coulomb  scattering.  As  we  have  seen,  if 
space-charge  exists,  it  is  almost  impossible  to  unfold  the  ballistic  efforts 
from  the  space-charge-limited  current.  A  fourth  problem  relates  to  de¬ 
vices  configured  to  dimensions  comparable  to  the  de  Broglie  wavelength; 
carrier  reflection  effects  may  then  become  important  and  carry  an  en¬ 
hanced  probability  of  scattering.  In  this  case  we  need  to  examine  quantum 
transport  theory  (QTT)  and  apply  it  to  submicron  devices.  Generally,  QTT 
involves  solving  the  equation  of  motion  of  the  density  matrix.  We  shall  in¬ 
troduce  this  briefly  in  Appendix  B  (p.  290). 


IV.  QUANTUM  TRANSPORT  THEORY 
A.  Introduction 

Boltzmann  transport  theory  (BTT)  is  an  ideal  theory.  It  has  the  twin 
virtues  of  conceptual  and  mathematical  simplicity.  Quantum  transport 
theory  (QTT)  [60,86-91]  enjoys  no  such  status;  it  is  neither  conceptually 
nor  mathematically  simple  and  often  reduces  to  the  Boltzmann  picture 
[92.93]  only  after  considerable  labor.  Even  if  there  were  no  outward 
experimental  manifestation  of  quantum  transport  phenomena.  QTT 
would  still  be  necessary  to  explain  how  the  phenomenological  BTT  pic¬ 
ture  and  its  related  concepts  actually  arise  from  the  underlying  framework 
of  reversible  quantum  statistical  mechanics.  Thus  QTT  is  necessary  as  an 
explanatory  and  supportive  theory  for  the  Boltzmann  picture  (where  such 
a  picture  is  applicable),  for  setting  confidence  limits  for  the  application  of 
BTT.  and  for  developing  the  novel  concepts  and  transport  kinetics  neces¬ 
sary  for  describing  manifest  quantum  transport  phenomena  (those  effects 
that  depend  explicitly  on  the  quantum-mechanical  nature  of  the  electron 
as  well  as  those  processes  for  which  the  local  Boltzmann  description 
fails). 

Boltzmann  transport  theory  models  the  conduction  electrons  as  an 
approximately  independent-particle  dilute  gas  in  which  the  electronic 
states  are  nearly  stationary  and  free-electron-like  with  a  well-defined  mo¬ 
mentum  k  [92]  Nonstationarity  arises  from  the  assumption  that  perfect 
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crystal  periodicity  is  violated  by  imperfections,  impurities,  and  phonons. 
These  sources  of  crystal  imperfection  are  assumed  to  cause  weak,  infre¬ 
quent  scattering  of  the  electrons  among  the  states  {k}.  The  applied  electric 
field  serves  to  accelerate  carriers  through  the  momentum  states  without 
distorting  the  states  or  interfering  with  the  scattering  process.  It  then 
seems  meaningful  to  describe  the  carriers  by  a  classical  distribution  func¬ 
tion  /(r,k,r)  over  a  vaguely  defined  phase  space  {r,k]  in  which  r,  the  posi¬ 
tion  coordinate  for  the  carrier,  is  not  too  well  defined  in  lieu  of  the  uncer¬ 
tainly  principle  [94], 

Usually,  one  deals  with  macroscopic  systems  so  that  the  intuitive  con¬ 
cepts  of  rd,  the  transit  time  through  the  channel  length;  r,  the  mean  free 
time  between  collisions;  and  tc,  the  atomic  duration  of  a  collision,  are  as¬ 
sumed  to  satisfy  the  inequality 

-c  «  r  «  rd.  (103) 

Transport  processes  are  thus  conventionally  viewed  on  a  coarse-grained 
time  scale  r  »  rc  so  that  many  independent  collisions  are  assumed  to 
occur  in  the  passage  of  a  carrier  through  a  channel  length.  Moreover,  each 
collision  event  is  treated  as  an  irreversible  process  that  occurs  locally  in 
space,  locally  in  time  (instantaneously),  and  independently  of  any  driving 
fields  and  other  scattering  processes.  Given  these  assumptions,  the  time 
evolution  of  the  distribution  function  /is  governed  by 

{df/dt)  +  (df/dt)  diff  +  (df/dOntws  —  ~  (d//df)Coii  •  ( 104) 

The  left-hand  side  of  Eq.  (104)  is  time-reversible,  but  the  equation  overall 
is  irreversible  due  to  the  gain -loss  structure  of  the  collision  integral  on 
the  right-hand  side. 

From  the  preceding  discussion,  it  is  clear  that  the  central  concept  of 
classical  transport  physics  is  the  assumption  that  a  single  carrier- 
distribution  function  exists  that  may  be  used  to  compute  statistical  expec¬ 
tation  values  for  macroscopic  current  flow.  In  the  quantum  formulation  of 
transport  physics,  the  concept  of  a  distribution  function  that  depends  on 
position  and  momentum  of  the  particle  is  not  possible  inasmuch  as  the 
Heisenberg  uncertainty  principle  precludes  simultaneous  specification  of 
position  and  momentum.  From  the  quantum  viewpoint,  it  is  therefore 
necessary  to  conceptually  view  phase  space  as  coarse-grained  if  a  distri¬ 
bution  is  to  be  regarded  as  a  simultaneous  function  of  carrier  momentum 
and  position.  The  conceptual  difficulties  introduced  by  the  noncommuta- 
tivity  of  the  carrier  position  and  momentum  operators  are  no:  too  critical 
for  large  devices  (channel  length  greater  than  1  /am),  for,  in  this  case,  it  is 
generally  assumed  that  spatial  Mirialions  in  the  distribution  function  occur 
over  distances  that  are  large  compared  to  the  de  Broglie  wavelength  of  the 
carrier. 
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The  temporal  development  of  the  distribution  function  is  also  an  impor¬ 
tant  facet  of  the  transport  picture.  When  considering  carrier  transport  in 

*  large  devices,  the  temporal  scale  of  the  distribution  function  is  very  long 
compared  to  the  collision  duration  but  very  short  compared  to  the  total 
transit  time  of  the  carriers,  in  which  case  the  response  of  the  distribution 
function  to  fields  and  collisions  is  instantaneous.  For  medium-sized  de¬ 
vices  (channel  length  of  about  2500  A),  the  temporal  scale  of  the  distribu- 

)  tion  function  is  of  the  order  of  the  collision  time  but  short  compared  to  the 

i  transit  time  of  the  carriers,  so  that  retardation  due  to  the  finite  duration  of 

collisions  becomes  possible.  For  very  small  devices  (channel  lengths  less 
than  250  A),  the  collision  time  is  of  the  same  order  of  magnitude  as  the 
transit  time,  so  that  the  applicability  of  a  classical  distribution  function  is 
k  questionable. 

In  order  to  continue  the  distribution-function  approach,  it  must  be  pos¬ 
sible  to  define  such  a  distribution  function  over  suitable  momentum,  spa¬ 
tial,  and  temporal  variables.  The  concept  of  the  carrier-distribution  func¬ 
tion  is  expected  to  retain  a  useful  role  in  medium-sized  device  transport, 
but  with  major  modification  in  the  Boltzmann  transport  equation.  How- 
'  ever,  for  “very  small  device”  transport,  where  the  analog  of  a  distribu¬ 

tion  function  certainly  exists,  an  alternative  approach  to  BTT,  which 
emphasizes  the  role  of  device  environment,  size  quantization,  and  fluctu¬ 
ations  seems  to  be  necessary.  There  has  been  some  success  in  estab¬ 
lishing  the  existence  of  distribution  functions  by  employing  the  concepts 

•  of  the  statistical  density  matrix  and  the  Wigner-  density  matrix  (see  Ap¬ 
pendix  B).  In  the  remainder  of  this  section,  the  density  matrix  formalism 
and  its  relation  to  quantum  transport  will  be  briefly  discussed:  an  illustra¬ 
tive  example  of  the  usefulness  of  quantum  transport  will  be  given  for  an 
array  of  very  small  devices. 


B.  Quantum  Transport  Formulation 

Features  that  are  neglected  in  BTT  provide  the  warning  signs  for  the 
failure  of  the  semiclassical  approach.  These  features  will  now  be  cited  and 
discussed. 

( I )  ,V<  tnh  h  ulity  of  sputterin'. e  processes.  Each  collision  event  is  actu¬ 

ally  extended  in  space  and  time.  If  the  spatial  and  temporal  variations 
(described  b>  wavevector  q  and  frequency  w)  of  the  applied  driving 
forces  approach  the  microscopic  scale,  then  collisions  will  be  only  par¬ 
tially  completed.  Normalh  .  BTT  assumes  wr  <  I  and  ql.  <  I .  where  /.  is 
the  mean  free  path.  i.e  ..  mans  collisions  are  completed  in  one  cycle  of  the 
applied  force-  If.  ho'sevet.  w'.  rr  I  and  q it,.  >  I  (where  r,  in  estimated 
h .  fi  / 1  .  /.  '  - .-.  char  acterioc  c.-.:  rier  energs .  and  i  r.  is  the  de  lb  oglie  u  a vc 
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length),  appreciable  quantum  effects  can  arise  and  the  irreversible  charac¬ 
ter  of  completed  collisions  will  be  lost.  Interband  effects  may  also  occur  if 
huttfcflm*  a  £b,  where  £b  is  the  vertical  energy  separation  to  the  band 
controlling  m*.  Very  high  frequencies  correspond  to  a  quantal  behavior 
more  reminiscent  of  optical  response  [95-97].  The  elementary  treatment 
of  collisions  must  also  be  reconsidered  if  the  mean  free  time  becomes 
comparable  to  tc;  multiple  scattering  involving  at  least  two  scatterers  is 
then  possible. 

(2)  Strong  driving  forces.  Once  the  extended  nature  of  a  collision  is 
recognized,  it  becomes  obvious  that  applied  fields  can  transfer  energy  and 
momentum  to  the  carrier  during  the  collision;  an  interference,  or  intracol- 
lisional,  field  effect  results  [63,65,98].  The  effect  will  be  very  large  if 
eFvTc  =  E.  The  reverse  effect  may  also  occur;  scattering  can  forestall  the 
instantaneous  accelerative  effect  of  the  driving  field  (this  effect  also 
occurs  for  low  fields).  In  general,  the  driving  and  scattering  terms  in  BTT 
cannot  be  independent. 

(3)  Strong  scattering.  Strong  scattering  magnifies  the  previous 
problems  and  weakens  the  assumption  that  the  electronic  states  are  of 
long  lifetime  and  are  free-electron-Iike.  Polaron  and  cooperative  effects 
are  typical  consequences. 

(4)  Dense  systems.  Many-body  effects  and  a  single-carrier  descrip¬ 
tion  fail. 

(5)  Small  systems.  Size  quantization  or  surface-limited  transport  ef¬ 
fects  become  important  [99].  Ultimately,  the  condition  implicit  in  Eq. 
(103)  breaks  down. 

(6)  A  onclassical  influence  of  driving  fields.  Sufficiently  strong  elec¬ 
tric  and  magnetic  fields  lead  to  Stark  or  Landau  quantization  of  the  elec¬ 
tronic  states  [99], 

These  features  and  the  concepts  discussed  therein  are  intuitive  but  can 
be  given  precise  meaning  within  QTT,  to  which  we  shall  now  turn. 

Quantum  transport  theory  is  generally  based  on  the  Liouville-vcn 
Neumann  equation  for  the  statistical  density  matrix  p(t).  which  is  given  as 

i  Hp(t)/nt  =  Htp{i),  (10: i 


ffp  -  [Hy.p]  =  HyP  "  pHy.  (I  O'1 

where  //.  =  H  -  and  the  Hamiltonian  H  describes  the  full  system  m 
the  absence  of  the  coupling  3-  to  the  externally  applied  driving  forces.  The 
usual  boundary  condition  is  that  p  =  p<,tff)  for  x  <  0.  where  p0  is  a 
thermal  equilibrium  solution  (e.g.,  the  grand  canonical  density  matrix) 
The  driving  perturbation  is  initiated  at  t  =  0.  This  starting  point  need- 
modification  for  the  description  of  small  systems  embedded  in  an  interne 
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live  environment  (59);  this  aspect  of  QTT  will  be  discussed  later  in  this 
section.  (Note:  The  units  are  chosen  so  that  ft  =  I  throughout.) 

All  observable  properties,  e.g.,  the  current  or  charge  densities,  labeled 
genetically  by  J(  may  be  evaluated  as  quantum-statistical  expectation  val¬ 
ues  determined  by  p(r)  as 


(Ut)}  *  Trl4p(/)]  -  X  U|7,|X'XV|p|A> 

k,k9 


=  2 
A.A* 


(107) 


Here  {|A>}  is  any  complete  set  of  states.  Usually,  the  Hamiltonian  Hf  is 
partitioned  into  “free”  carrier,  “free"  scatterer,  carrier-scatterer  in¬ 
teraction,  and  driving  force  components  as 

Hf  =  Ht  +  Ht  +  V  +  9  m  H0  +  V  +  (108) 

This  partitioning  is  not  unique.  The  component  Ht  might  describe  small 
polaron  states  by  incorporating  part  of  the  electron -phonon  interaction, 
or  Ht  might  include  the  coupling  to  a  magnetic  field  and  describe  Landau 
states.  The  basis  states  |A)  are  then  chosen  to  diagonalize  H0  -  Ht  +  Ht, 
usually  via  |\)  e  |e)|S),  where  (|e)}.  (js)}  diagonalize  Ht  and  //,,  respec¬ 
tively.  The  choice  of  representation  {|A>}  decides  the  character  and  inter¬ 
pretation  of  the  subsequent  transport  theory. 

If  the  current -density  operator  J  depends  only  on  electronic  variables 
and  commutes  with  Ht  (which  is  true  for  extended-state,  homogeneous 
transport  in  zero  magnetic  fields),  the  observable  response  is 

<J(0>  =  2  (»09) 

where 


/< cl  =  (e',  2  s  Tr%(e\p\e)  =  ((e(p(e)},  (110) 

i 

defines  a  real,  time-dependent,  generalized,  electron-distribution  function 
over  the  frce-c.irri er  states  {(e)}  A  transport  equation  for  f<e)  may  then 
be  construct?. bie  from  the  Liouville  equation.  It  may  turn  out  to  have 
Boltzmann-like  form,  although  tne  quantum  nature  of  the  states  jo)  will 
be  reflected  in  the  detailed  forms  for  the  collision  rates.  However,  for  in¬ 
homogeneous  transport  and  for  transport  in  quantizing  magnetic  fields, 
for  example.  J  is  not  necessarily  diagonal  and  we  must  consider  the 
off-diagonal  matrix  elements  of  the  electron  density  matrix  f~  <p\. 
V  arious  methods  exist  [99]  for  expressing /(cl  in  terms  of/u  .o'),  but  the 
subsequent  transport  theory  vmII  not  have  a  Boltzmann-like  form.  In  gen- 
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eral,  a  dosed  equation  of  motion  for /(/)  can  only  be  obtained  for  the  spe¬ 
cial  case  of  independent  carrier  transport  in  a  stationary  scattering  system 
(i.e.,  where  the  scatterers  remain  in  thermal  equilibrium  at  all  times).  This 
situation  has  been  extensively  studied  for  homogeneous,  nonlinear  trans¬ 
port. 

Wigner  [100]  has  shown  that  QTT  can  get  quite  close  to  the  classical 
concept  of  a  phase-space  distribution  function  (see  Appendix  B).  The 
Wigner  one-electron  distribution  function,  for  example,  is  defined  for 
free-carrier  states  by 


/a(k,r,r) 


J  d3  y  exp(-ik  •  y)  Tr{p(r)ifi$(r  -  iy)<Mr  +  iy)} 
J  d3 y  exp(-ik  •  y)f<,(r,y,r), 


(HD 


where  0£(r)  and  are  the  second  quantized  creation  and  annihilation 
operators,  respectively,  for  a  carrier  of  spin  a  at  location  r.  Here  p  is  sec¬ 
ond  quantized  and  the  trace  is  a  many-body  trace.  Similarly,  a  phonon 
Wigner  distribution  may  be  defined  by 

Na(k,r,t)  =  X  exp  /K  •  r<^(k  -  hK)ba  (k  +  *K)>  (112) 

x 

where  (••  •)=  Tr(.  .  .  .)  and  bt  and  ba  are  creation  or  annihilation 
operators  for  a  phonon  of  type  a  and  momentum  k.  The  Wigner  construc¬ 
tion  utilizes  a  partial,  generalized,  Fourier  transform  over  the  full  (off- 
diagonal)  density  matrix  and  is  easily  generalized  to  other  basis  states 
(e.g.,  Bloch  states  or  Landau  states).  One  may  easily  prove  that  fa  and  Na 
are  real- valued,  generalized  distributions  that  give  the  correct  statistical 
expectation  values,  e.g.,  the  carrier  density  and  current  density  in  an  in¬ 
homogeneous  system  are  given  by 


<«(r./»  =  2  I 

a  J 

r  d'k  , 

(113) 

f  d* k 

<J(r.t)>  =  y  j 

IT  *’ 

1 

(114) 

where  v(k)  =  Vk£( k)  is  the  (c-number)  group  velocity  of  the  electron  mo¬ 
mentum  state  |k).  Homogeneous  systems  are  translationally  invariant 
Ij.'.tk.r)  is  independent  of  r],  which  implies  that 

/(k.K.t)  =  f  expt  -  <K  •  R)./.,(k,R)</;,R 


i'  independent  of  K  and  the  equivalent  electron-density  matrix  is  diagonal 
in  momentum  space. 
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The  are  some  difficulties  with  interpreting  Wigner  distributions  as  prob¬ 
ability  densities;  they  are  not  necessarily  positive-definite  (usually  a  sign 
of  strong  quantum  interference  effects).  However,  the  Wigner  method 
does  allow  one  to  construct  a  gauge-invariant  transport  theory  [97).  For 
independent  carriers,/,  reduces  to  (r  -  iyKp>*|r  +  iy)  where  p  is  now  a 
functional  of  the  one -electron  Hamiltonian.  Quantum  transport  theory 
has  been  extensively  developed  for  this  case  [88]. 

We  shall  now  sketch  the  general  features  of  QTT.  The  electron-density 
matrix /(/)  is  determined  from  the  full-density  matrix  by  /(f)  =  Trj[p(f)]. 
For  the  case  of  stationary  phonon  and  impurity  distributions,  we  factorize 
approximately  the  initial  thermal-equilibrium  density  matrix  as 

Pit  =  0)  =  /„(//,  +  V)fts(//t), 

where  f0  will  be  taken  as  the  Maxwellian  equilibrium  form  and  fls  de¬ 
scribes  the  equilibrium  distribution  of  scatterers.  Let  us  now  Laplace- 
transform  the  Liouville  equation  (105),  rearrange  the  terms  using  projec¬ 
tion  calculus,  and  then  retransform  back  to  the  time  domain  to  obtain  a 
general  master  equation  in  the  form 

ff  +  +  >[?/)  =  i  £  dr  C f(r) f(t  -  r)  +  Mrit).  (115) 

The  left-hand  side  of  (1 15)  describes  the  collision-free  diffusion  and  accel¬ 
eration  of  the  carriers.  For  homogeneous  systems,  /  is  a  function  of 
momentum  only  and  if  Ht  =  pz/2m*,  the  term  vanishes  (for 

inhomogeneous  transport  it  gives  rise  to  a  term  v(k)  df/d r;  [ He,f ]  is  also 
nonvanishing  if  He  includes  coupling  to  a  quantizing  magnetic  field).  With 
our  previous  model  assumption,  the  coupling  to  the  electric  field  is  simply 
3s  s  -  eF  ■  r,  and  in  the  momentum  representation.  reduces  to  eF 

df/d k.  The  right-hand  side  is  proportional  to  the  scattering  interaction  and 
describes  collision  effects  via  Cy  and  memory  effects  via  MF. 

Boltzmann  transport  theory  may  be  exactly  recovered  under  the  fol¬ 
lowing  conditions  [6?]:  (1)  weak,  infrequent  scattering:  (2)  point  colli¬ 
sions.  (5)  translational  invariance  of  the  scattering  system:  and  (4)  asymp¬ 
totic  time  scale  t  »  rt  [actually  related  to  (104)].  Following  these 
assumptions,  it  can  be  shown  that  the  right-hand  side  of  Eq.  (115)  re¬ 
duces  to 

(|)  =  S  [/?(k.k')/(k')  -  tf(k',k)/(k)].  (116) 

where  the  /?(k,k)  are  the  usual  second-order  perturbation  theory  scat¬ 
tering  rates.  Thus,  under  these  conditions,  the  master  equation  of  Eq. 
(115)  reduces  to  the  Boltzmann  equation. 

The  master  equation  of  Eq.  (115)  contains  a  memory  term  MyU),  which 
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is  one  consequence  of  the  interference  between  the  electric  field  and  the 
scattering  processes  and  is  a  function  of  the  initial  equilibrium  state 
/*(//«  +  V).  It  represents  the  correction  to  the  otherwise  instantaneous 
accelerative  effect  of  the  field  due  to  the  field  having  to  break  up  the  corre¬ 
lations  in  the  electron  states  induced  by  scattering  processes.  Indeed,  Mr 
may  be  interpreted  as  a  renormalization  of  the  driving-force  term  in  the 
kinetic  equation  [99],  because  its  nonvanishing  part  is  proportional  to  F. 

The  influence  of  the  electric  field  within  a  collision  event  has  been 
called  an  intracollisional  field  effect  (ICFE).  The  mathematical  details  of 
the  ICFE  have  previously  been  given  [88],  so  we  shall  not  go  into  detail 
here.  Two  major  modifications  of  the  scattering  integral  occur  as  a  result 
of  this  intracollisional  process.  First,  the  total  energy-conserving  6  func¬ 
tion  is  broadened  by  the  presence  of  the  electric  field.  Second,  the  thresh¬ 
old  energy  required  for  the  emission  of  an  optical  phonon  is  modified, 
which  causes  an  energy  shift  of  the  5  function.  This  latter  process  is  easily 
understood  in  physical  terms.  The  argument  of  the  energy-conserving  5 
function  is  just 

E(  -  E,  ±  ha>0  =  £(p,)  -  £(pi)  ±  /tw0,  (117) 

but  the  initial  and  final  momenta  evolve  during  the  collision  as 

p(0  =  p  -  J'  eFit")  dt\  (118a) 


In  the  emission  of  an  optica!  phonon,  where  the  electron  is  scattered 
against  the  electric  field,  the  field  will  absorb  a  portion  of  the  electron  en¬ 
ergy  during  the  collision,  and,  hence,  a  reduction  in  energy  loss  to  the  lat¬ 
tice  will  be  favored.  The  opposite  effect,  an  enhancement  in  energy  to  the 
lattice,  occurs  for  emission  along  the  electric  field. 


C.  Synergetic  Effects  from  Device-Device  interactions 

Preliminary  theoretical  studies  [59]  of  the  quantum-mechanical  opera¬ 
tion  of  an  array  of  very  small  devices  suggest  that  synergetic  effects  are 
possible  when  the  individual  feature  size  decreases  below'  1000  A.  In  this 
case,  novel  dev  ,.e  possibilities  become  available. 

Let  us  summarize  some  previous  findings  [59],  Small  semiconductor 
devices  l<0.l-^m  channel  length)  are  controlled  by:  short  spatial  scales, 
very  fast  temporal  response,  very  high  fields  (£600  kV/cm).  high  carrier 
den>ities  (£10!‘  cnri).  and  strong  size-related  effects  (coupling  to  the 
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environment  of  contacts,  interfaces/boundaries/surfaces,  interconnects, 
and  other  devices).  The  ultrafast  transit  times  (£1-2  psec)  within  any  one 
device  plus  the  collision-quenching  intracollisional  field  effect  preclude 
any  significant  dissipation  of  energy  within  the  device  volume;  tradition¬ 
ally,  this  is  the  so-called  ballistic  regime).  However,  studies  of  the 
device-density  matrix  equations  [59],  which  take  into  account  coupling  to 
the  device  environment,  show  that  dissipation  will  predominantly  occur 
over  the  extended  region  surrounding  the  device.  This  mechanism  admits 
a  second-order  device -device  correlations  interaction,  provided  the 
spatial  extent  of  interconnect  regions  becomes  comparable  to  the  de 
Broglie  wavelengths  (indeed,  for  metallized  interconnect  regions  on  the 
order  of  100  A,  de  Broglie  waveguide  modes  should  dominate  the  current 
flow).  By  using  projection  calculus  methods  on  the  full  system-density 
matrix  equations,  it  has  been  shown  that  the  interaction  of  a  particular  de¬ 
vice  with  its  host  VLSI  system  may  be  classified  into  coherent  (time- 
reversible)  and  incoherent  (dissipative,  irreversible)  components.  The 
coherent  effects  include  state  renormalization  and  size  quantization 
arising  from  the  short-range  interaction  with  the  regular  part  of  the  finite 
device  boundaries;  these  effects  are  enhanced  by  very  high,  inho¬ 
mogeneous,  controlling  electric  fields  within  the  device  volume.  There  is 
also  a  coherent  long-range  device  interaction  with  the  environment, 
which  stems  from  effects  of  device  replication  and  gives  rise,  for  example, 
to  super-lattice  phenomena  and  the  consequent  overriding  of  the  bulk  in¬ 
tradevice  carrier  dynamics.  The  latter  have  already  been  observed  in  in¬ 
tercalated  structures  prepared  by  molecular-beam  epitaxy  [102].  The 
incoherent  processes  include  surface -interface  roughness  scattering,  sur¬ 
face  phonons  and  plasmons,  long-range  (£  l  p. m)  device  electron,  insu¬ 
lator  phonon  scattering,  and  phonon-mediated  electron-electron  inter- 
device  scattering. 

The  joint  action  of  many  subsystems  so  as  to  produce  structure  and 
functioning  on  the  full-system  scale  are  well  known  in  physical  science 
and  are  characteristic  of  nonlinear  systems  [103].  In  recent  years,  consid¬ 
erable  attention  has  been  devoted  to  so-called  dissipative  structures  [104]: 
a  class  of  spatially  inhomogeneous,  ordered  structures  in  which  order 
may  be  created  spontaneously  in  open  systems  far  from  equilibrium  and 
which  obey  specific  nonlinear  kinetic  (transport)  laws.  For  such  nonequi¬ 
librium  structures,  stability  is  not  self-sustaining  but  is  maintained  by  a 
continuous  exchange  of  energy  and  matter  with  the  surroundings.  Biologi¬ 
cal  systems,  chemically  reacting  mixtures  under  open-system  conditions, 
and  Benard  cell  phenomena  provide  well-known  examples. 

Comparably  complex  signal-processing  VLSI  systems  may  also  sup¬ 
port  syneigetic  phenomena  as  the  feature  size  and  complexity  approach 


.  ,0,*,^  JCW  WTOWnWKiWmi,* 


270  H  L  Grubin.  D  K  Ferry.  G.  J.  lafrale.  and  J  R.  Barker 

that  of  natural  systems.  Analogies  with  many-body  phase-transition  and 
synergetic  theory  lead  us  to  expect  strong  qualitative  differences  in  stabil¬ 
ity  between  sequential  and  concurrent  (array)  processing  signal  systems. 
The  argument  is  simple;  we  know  from  model  studies  that  one¬ 
dimensional  systems  cannot  support  phase  transitions;  but,  as  soon  as 
two-  and  three-dimensional  cross-interactions  are  introduced,  systems 
may  condense  or  “lock  into*’  ordered  macrostructures  and  make  transi¬ 
tions  between  them.  Concurrency  has  a  strong  equivalency  to  multidi¬ 
mensionality,  which  is,  in  turn,  a  prerequisite  for  cooperative  phenomena 
that  are  stable  against  local  fluctuations.  All  the  necessary  features  for 
synergetic  phenomena  in  VLSI  structures  appear  to  exist  when  feature 
sizes  approach  a  few  hundred  angstroms,  such  as  in  multidevice  slaving  in¬ 
teractions,  nonlinear  slaving  of  intradevice  variables  by  self-consistent 
control  fields,  input-current  open-system  operation. 

Of  course,  device -environment  interactions  are  not  unknown  even  in 
present  scale  systems.  For  example,  gated  logic  systems  and  program¬ 
mable  logic  arrays  have  device -environment  control  exercised  via  the  in¬ 
terconnect  matrix.  A  true  device-device  interaction  also  appears  in  large 
MOS  memory  chips  (near-cell  interference  in  READ-WRITE  situations), 
which  is  currently  treated  as  a  reliability  problem  rather  than  an  effect  on 
which  to  capitalize.  Of  course,  capacitative  coupling  between  devices  is 
also  very  familiar.  The  true  device -environment  coupling  envisaged 
here,  however,  is  only  possible  on  almost  atomically  small  scales  for 
which  superlattice  effects  and  dissipative  coupling  become  possible. 

The  main  theoretical  tools  to  explore  synergetic  VLSI  already  exist: 
nonlinear  quantum  transport  theory,  synergetic  theory,  renormalization 
group  theory,  etc.  However,  applications  will  require  (a)  knowledge  of 
the  intended  function  and  skeletal  VLSI  structure,  (b)  characterization  of 
the  relevant  interdevice  coupling,  and  (c)  selection  of  the  appropriate  con¬ 
trol  fields  and  currents.  These  do  not  as  yet  exist  and  must  be  the  target 
for  future  research.  We  have,  however,  sketched  the  outline  for  such  a 
theory  using  many-body  compaction  techniques  [105].  Such  sophistica¬ 
tion  is  not  necessary  to  understand  the  qualitative  role  of  these  synergetic 
effects.  We  can  illustrate  the  basic  principles  by  a  simple  circuit-theoretic 
analogy  utilizing  component -connection-type  approaches.  First,  we 
examine  a  special  case  of  isolated  devices.  Then,  we  introduce  a  connec¬ 
tion  function  to  describe  the  system  in  terms  of  the  devices  and  show  how 
the  properties  of  the  connection  function  can  alter  the  system  dynamics. 
As  the  individual  device  dynamics  and  connections  will  be  nonlinear,  we 
expect  that,  although  the  equations  used  here  are  linear,  the  genera!  non¬ 
linear  results  will  admit  of  synergetic  responses  for  the  system.  Thus. 
Thus,  for  example,  a  regular,  replicated  device  structure  in  the  environ- 
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ment  is  expected  to  give  a  superlattice  modulation  of  the  individual  device 
dynamics.  Now.  “superlattice"  in  the  normal  sense  is  usually  used  to 
refer  to  multiple  thin  layers  of  different  materials  in  which  the  layers  are 
thinner  than  the  electron  wavelength  so  that  the  atomic  potential  variation 
between  layers  introduces  minigaps,  which  represent  a  renormalization  of 
the  energy  spectrum  of  the  electrons  within  a  single  material.  Here,  how¬ 
ever,  we  emphasize  the  device -device  or  device -environment  coupling, 
which  can  be  an  essentially  time-reversible  interaction  [59],  to  renor¬ 
malize  the  functional  behavior  of  a  single  device  within  the  array  and  to 
change  the  system  dynamics  of  the  array  itself.  In  particular,  if  the  spatial 
extent  of  interconnected  regions  becomes  comparable  to  the  range  of  pos¬ 
sible  device-device  interactions,  a  second-order  device-device  correla¬ 
tion  or  interaction  arises,  from  which  the  coherent  long-range  component 
admits  to  possible  functional  superlattice  phenomena.  In  these  cases,  in 
very  small  devices,  the  bulk  intradevice  dynamics  may  be  of  secondary 
importance  to  the  system  dynamics  taken  as  a  whole. 

In  particular,  though,  it  is  apparent  that  the  system  equations  are  func¬ 
tionally  similar  to  those  utilized  for  nonlinear  structures,  [104],  and  for 
such  nonequilibrium  structures,  stability  is  not  self-sustaining  but  is  main¬ 
tained  by  a  continuous  exchange  of  energy  with  the  surroundings.  Com¬ 
parably  complex  signal-processing  VLSI  systems  may  also  support  syn¬ 
ergetic  phenomena  as  the  feature  size  and  complexity  approach  that  of 
natural  systems.  Analogies  with  solid-state  and  synergetic  theory  there¬ 
fore  lead  us  to  expect  qualitative  differences  in  stability  between  sequen¬ 
tial  and  concurrent  (array)  signal-processing  systems. 

We  examine  first  the  state  equations  for  an  isolated  integrator  with 
input/output  conditioning  and  then  examine  the  applicability  of  the  ex¬ 
ample.  The  state  equations  are  then,  for  the  ith  device, 

ii  i  =  OjUi  +  6,  y,.  (119a) 

Zi  =  Cji/,-,  (119b) 

where  u,  is  the  state  variable  and  y,  and  z,  the  input  and  output  variables, 

respectively.  For  an  ensemble  of  N  devices,  these  become 

U  =  AU  +  BY,  (120a) 

Z  =  CU,  (120b) 

where  A,  B,  C  are  square  diagonal  matrices  and  U,  Y,  Z  column  matrices. 
Solving  for  the  transfer  function  gives  (in  the  Laplace  transform  domain 
with  relaxed  initial  state) 


Z  =  C(.vl  -  A)’*  BY. 


(121) 
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So  far.  we  have  considered  that  each  device  was  isolated  from  the  others. 
If  we  describe  the  system  input  and  output  as  G  and  H,  respectively,  we 
can  describe  the  connection  matrix  F  through  the  following  [106]: 


Y  =  FZ  +  LG, 
H  =  MZ. 


(122a) 

(122b) 


The  connection  matrix  F  describes  generally  how  the  input  of  a  particular 
device  is  related  to  the  outputs  of  other  devices.  We  can  combine  Eqs. 
(121)  and  (122)  to  yield  the  system  transfer  function  as 

H  =  MCB(sl  -  A  -  FCB)"'  LG,  (123) 

where  we  have  used  the  fact  that  A  and,  hence,  (si  -  A)-1  are  diagonal. 

Equation  (123)  for  the  system-transfer  function  is  a  special  case  of  the 
connection-function  theory  of  systems  [106]  applicable  to  the  integrator. 
Although  we  have  used  this  special  case,  the  approach  is  far  more  general 
and  is  applicable  to  arbitrary  circuits.  Furthermore,  even  though  we  have 
assumed  an  analog  signal  approach  by  employing  the  Laplace  transforma¬ 
tion  for  the  time  variation,  the  technique  is  extendible  to  the  class  of 
digital  circuits  known  as  linear  sequential  circuits  through  the  description 
of  system  dynamics  in  an  abstract  extension  field  [107].  However,  this 
simple  case  is  adequate  to  illustrate  the  major  points  just  discussed. 

The  quantity  (rl  -  A  -  FCB)"1  =  S~‘  plays  the  conceptual  role  of  a  re¬ 
solvent  for  the  system  and  the  zeros  of  det(S)  define  the  various  modes  of 
operation.  Since  B  and  C  are  diagonal,  any  deviation  of  the  system 
response  from  that  defined  by  A  must  arise  through  the  structure  of  F.  For 
example,  if  we  consider  that  the  system  is  logically  connected,  i.e.,  y,  is 
connected  only  to  zitj  <  /,  then  F  has  elements  only  in  the  lower  triangle 
below  the  main  diagonal.  Since  A  is  diagonal,  F  does  not  modify  the 
modes  determined  by  A.  i.e.,  det(S)  =  det(sl  -  A).  Only  when  F  has 
entries  across  the  main  diagonal  does  this  change.  For  example,  if  y,  = 
then  F  has  entries  along  the  diagonal  just  below  the  main  diagonal.  If, 
however,  the  last  stage  is  fed  back  to  the  first,  an  entry  appears  in  the 
upper  right  corner  of  F  and  one  new  mode  is  generated,  the  collective 
ring-oscillator  mode. 

In  general,  the  connection  function  F  can  be  divided  into  two  pans.  Ft 
and  F:.  where  Fi  is  the  portion  of  F  that  represents  the  desired  metalliza¬ 
tions.  i.e..  the  designed  architectural  circuit  yielding 

S,  =  s\  -  A  -  F,CB.  (124) 

Then.  F.  represents  the  parasitic  interactions  (the  parasitic  device-device 
couplings)  that  arise  from  the  line-to-line  coupling  capacitance,  for  ex- 
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ample.  Thus,  a  new  resolvent  S,. 

S,  =  St  -  F*CB,  (125) 

arises  with  a  new  set  of  eigenmodes  given  by  det(St).  Thus,  the  structure 
of  the  system  is  altered  in  the  presence  of  F*.  As  F2  depends  on  the  states 
of  U  (voltages,  for  example)  as  well  as  the  inputs  G,  it  is  entirely  conceiv¬ 
able  that  the  system  is  now  strongly  nonlinear.  In  large-scale  systems, 
where  sizes  are  more  than  1  /xm  in  scale,  F,  may  reasonably  be  assumed 
to  be  negligible.  In  future  VLSI  and  ULSI  systems  of  submicron  dimen¬ 
sions,  this  is  no  longer  the  case,  and  the  presence  of  Ft  will  have  to  be  ac¬ 
counted  for  in  design. 

It  is  clear  from  the  preceding  discussion  that  the  Structure  of  the  con¬ 
nection  function  is  instrumental  in  determining  the  collective  modes  of 
system  operation.  Moreover,  the  connections  need  not  be  the  deliberately 
wired  interactions  but  must  include  the  parametric  device-device  interac¬ 
tions  that  can  occur  in  arrays  of  small  devices.  Such  interactions  could 
occur,  for  example,  from  capacitative  coupling,  charge  spill-over,  or  po¬ 
tential  barrier  lowering,  such  as  is  present  in  subthreshold  currents  due  to 
drain-induced  barrier  lowering  [108].  Finally,  if  the  connection  matrix  F  is 
functionally  dependent  on  the  state  variables  or  control  signals,  i.e.,  F  = 
F(U,G),  then  a  nonlinear  interaction  is  possible  that  can  lead  to  synergetic 
restructuring  of  the  system  function.  It  can  be  stated  that  the  general  re¬ 
sults  presented  in  this  simple  example  have  been  known  for  some  time. 
However,  the  importance  of  device-device  correlation-interaction  in 
dense  arrays  lies  in  the  role  this  essentially  parasitic  long-range  inter¬ 
action  can  play  in  restructuring  F  and  hence  the  system  dynamics.  Es¬ 
sentially.  F  can  be  split  into  design  and  parasitic  fractions.  This  is  the 
principal  point  of  the  present  discussion;  changes  in  F  due  to  device-de¬ 
vice  interactions  can  lead  to  a  restructuring  of  F  and,  therefore,  to  a 
restructuring  of  the  entire  system  dynamics.  Since  these  interactions  are 
principally  expected  to  be  nonlinear,  synergetic  effects  can  be  expected 
in  the  system  dynamics. 


V.  DIFFUSION 
A.  Introduction 

One  of  the  most  fundamental  parameters  required  for  modeling  semi¬ 
conductor  devices  i?  the  diffusion  coefficient  D(f'.(u).  where  F  is  the  elec¬ 
tric  field  and  w  the  frequency.  Not  only  is  the  diffusion  coefficient  neces- 
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sary  for  evaluating  operating  and  high-frequency  characteristics,  it  pro¬ 
vides  a  fundamental  characterization  of  velocity  fluctuations  in  the 
system  and  their  contribution  to  noise  in  the  device  [1 1 1,1 12].  If  diffusion 
is  relatively  well  understood  for  low  fields,  this  situation  does  not  carry 
over  to  the  case  of  high  electric  fields  [112].  The  general  case  for  high-field 
transport  in  semiconductors  differs  in  that  relaxation  of  the  velocity  fluc¬ 
tuations  is  to  a  nonequilibrium  steady  state  [1 13- 1  IS],  and  the  process  is 
nonlinear  [116,117]. 

Diffusion  is  a  general  result  of  the  Brownian  motion  of  the  carriers,  and 
early  work  centered  on  the  calculation  of  the  mean  square  displacement 
of  the  carriers.  This  led  to  the  Einstein  relation  for  a  free  particle  [118]: 

D  »  lim  ({Lx?) /It.  (126) 

This  form  has  been  utilized  considerably  in  studies  of  Brownian  motion  in 
many  systems,  as  is  apparent  from  the  many  review  articles  and  original 
papers  [56;  60;  111,  p.  415;  113;  119-125].  On  the  other  hand,  it  has  also 
been  suggested  that  the  mean  square  displacement  is  related  to  D  through 
the  derivative 

D  =  i  d/dt((6jcf),  (127) 

and  this  form  has  also  found  widespread  use  [1 14,126,127].  In  the  steady 
state,  however,  in  both  equilibrium  and  nonequilibrium  situations, 
<(A_t)2)  =  t  for  long  times.  Thus,  both  Eq.  (126)  and  (127)  give  the  same 
result  for  D  [128]. 7  In  this  regime,  we  also  overlook  the  long-time  tails 
that  are  observed  in  some  hydrodynamic  systems  [127,128],  For  short 
times,  however,  differences  can  arise  between  Eqs.  (126)  and  (127).  We 
shall  return  to  this  later. 

B.  Diffusion  Formalism 

We  shall  begin  with  a  brief  review  of  the  formal  theory  of  generalized 
diffusion  and  mobility.  For  the  present  purposes,  we  shall  neglect  the 
influence  of  magnetic  fields  and  assume  that  the  electric  field  F(x,i)  is  a 
slowly  varying  function  of  position  when  compared  to  the  spatial  extant  of 
the  de  Broglie  wavelength  or  to  the  radius  of  the  collision  sphere  [88]. 
Transport  in  a  medium  that  is  macroscopically  homogeneous  with  respect 
to  scattering  centers  is  then  described  by  a  kinetic  transport  equation  of 
the  form 

—  -  v  •  —  +  3"  •  —  /(v,x.r)  =  -C/(v,x,/h  (128) 

ol  dx  ov 

Thi-.  i'  not  a  totalK  central  result.  since  non-Gaus\ian.  non-Maikovian  diffusion  is 
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where  5F  =  eF/m*.  For  Boltzmann -Bloch  transport, /is  the  usual  distri¬ 
bution  function  defined  over  velocity -position  phase  space  (we  are 
assuming  a  simple,  parabolic,  isotropic  band  so  that  t>  is  interchangeable 
with  M/m*,  although  the  Monte  Carlo  calculations  of  the  next  section  as¬ 
sume  the  proper  nonparabolic  band  structure)  and  C  is  the  collision  opera¬ 
tor,  which  is  independent  of  space,  time,  and  electric  field  but  is  velocity 
dependent.  If  the  field  F  is  a  rapidly  varying  field  of  very  short  wave¬ 
length,  the  driving  term  S’  •  3//8v  requires  modification  [88,  p.  126;  96]. 
The  first  integral  of  Eq.  (128)  yields  the  particle-continuity  equation 

■  =  -V  *  [J  d*v  v/tv,x,/)].  (129) 

where 

n(x,t)  =  f  d3vf(v,x,t).  (130) 

Equation  (129)  may  be  given  the  form  of  the  traditional  phenomenological 
semiconductor  equation  by  employing  the  formal  causal  solution  to  (128) 
using  the  collision  operator  to  form  an  integrating  factor.  The  result  is 

/(v,x,f)  =  /tr  -  J  dr  exp  j  dr'  C(r')j 

x  ^  +  S’  ’  “J  /(v,x,t),  (131) 

where  the  transient  term  is 

=  exp  |  ~  j  dr  C(-)  /(v,x,0).  (132) 

The  transient  term  will  be  ignored  for  now,  but  we  should  pointed  out  that 
it  will  have  an  important  role  in  transport  on  short  time  scales,  such  as  for 
ballistic  transport  or  in  very  short  channel  devices.  Inserting  Eq.  (131) 
into  ( 129)  gives,  for  the  classical  case. 


rtm\.t)/ot  -  -  V  •  Ju.r).  (133) 

Ju(x.t)  =  ~  3[//( ( \.r)] '3.1,  -  n(x.i)fxutdx.r)F,{x.l).  (134) 

where  the  generalized  diffusion  and  mobility  terms  are  defined  by 

()ul{x.r\  =  -  I  dr  j  d‘i  iu  e\p[-w  -  t)C]vJ{\.x,t).  (135) 

(x.rl  =  j  dr  j  il  l  i „  exp;  (r  -  r)C]  (  -  .  (I3h> 
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Although  these  results  superficially  appear  reminiscent  of  classical  diffu¬ 
sion  and  Doob's  theorem  [130],  Eqs.  (131)— (136)  provide  a  rigorous  com¬ 
prehensive  formulation  of  the  semiconductor  equations  for  the  descrip¬ 
tion  of  diffusion  and  device  modeling.  It  should  be  noted  that,  in  general, 
the  generalized  mobility  and  diffusion  do  not  admit  of  an  Einstein  relation 
[117],  except  for  systems  close  to  thermal  equilibrium.  Because  of  the 
complexity  of  the  collision  operator,  or,  more  properly,  the  resolvent 
(C  +  5)"'  (where  s  is  the  Laplace  transform  variable),  it  transpires  that  ex¬ 
pressions  (135)  and  (136)  are  not  trivial  to  evaluate,  even  if  the  exact  solu¬ 
tion  of/(v,x,r)  is  known.  As  with  other  nonlinear  systems,  expansions  can 
be  made  in  order  to  approximate  low-order  corrections  to  the  Fokker- 
Planck  equation  [1 16].  The  quantum  case  is  similar  but  involves  nonlocal 
diffusion  and  mobility  densities.  It  will  be  discussed  elsewhere. 

Equations  (135)  and  (136)  are  formally  of  the  correlation-function-type 
and  constitute  a  more  proper  definition  of  the  diffusion  coefficient  itself 
[60,137].  For  longitudinal  diffusion,  it  may  then  be  shown  that 

D(t)  =  f*  dr  d>’(r),  (137) 

where  d>'(r)  is  the  reduced  velocity-autocorrelation  function.  On  the  other 
hand,  we  can  multiply  Eq.  (133)  by  ar*  and  integrate  over  all  space  to  ob¬ 
tain  an  expression  for  D(t).  This  relation  is  then  conveniently  compared 
with  Eq.  (137)  in  the  Laplace  domain  to  yield 

=  s  j  (iv  v[C  +  s]~lvf(v,s)/N,  ( 1 3 S 

where  f(v,t)  is  the  velocity-distribution  function  (normalized  to  N)  ih 
satisfies 


|  +  ,r~ 

and  i  the  reduced  velocity.  Equation  (138)  relate s  4>'(.v)  to  s/)<  vi.  the  lone 
tudinal  diffusion  coefficient  as  defined  by  Eq.  (135).  The  appearance  e: 
the  resolvent  (C  -  .r)'1  is  noteworthy. 

C.  Correlation  Functions  for  Hot  Electrons 

The  fluctuation  response  is.  in  general,  complicated  because  ot  tfr 
many  physical  processes  involved,  but  the  velocity  fluctuation  can  be 
considered  as  having  two  main  contributions  t  ’  =  v(t)  -  <  t  •  =  t  +  u 
The  first  of  these.  //'.  is  the  velocity  fluctuation  arising  from  a  fluctuation 
in  carrier  energy  u'  =  u(E  +  AD  -  //(D  and  the  second,  t  .  arises  from 


t 


6.  Numerical  Physics  of  Semiconductor  Devices 


277 


> 


> 


I 


velocity  fluctuations  about  u'  (117,132].  These  various  factors  can  be  ob¬ 
served  by  studying,  not  the  diffusion  coefficient  itself,  but  rather  the 
velocity  autocorrelation  function  which  is  the  inverse  Fourier- 

cosine  transform  of  D(F,tn).  If  we  define  4>'{t)  as 

<£'(0  =  +  to)  -  <«)][*>( to)  -(«>]).  (140) 

then  it  is  found  that,  for  high  electric  fields,  decreases  initially  as  an 
exponential,  becomes  negative,  passes  through  a  minimum,  and  relaxes 
finally  to  zero  (1 17].  This  process  is  basically  related  to  the  fact  that,  in 
general,  energy  relaxation  is  slower  than  momentum  relaxation;  and  this 
behavior  can  be  expected  to  occur  via  the  same  processes  that  lead,  for 
example,  to  velocity  overshoot  [133].  Such  general  behavior  was  observed 
in  the  recent  work  of  Fauquemberque  el  al.  [112]  but  was  not  adequately 
explained.  We  should  remark  here  that  such  behavior  for  <f>'(f)  is  also 
found  generally  in  hydrodynamic  systems  [129].  The  detailed  behavior  of 
<f>'(0  assumes  more  than  academic  interest  as  semiconductor  devices 
begin  to  assume  submicron  dimensions.  In  Si,  for  example,  the  time  dura¬ 
tion  of  can  be  of  the  order  of  1  psec,  so  as  channel  lengths  drop 
below,  say,  0.1  /itn,  correlated  electron  motion  and  enhanced  noise  in  the 
devices  can  be  expected  to  occur. 

In  general,  the  diffusion  coefficient  D((o,F)  depends  on  the  velocity 
fluctuations  in  the  electron  system  and  is  related  to  the  noise  spectral  den¬ 
sity  5c(<d)  associated  with  these  fluctuations.  These  are  related  as  (for 
longitudinal  diffusion) 


D(w,F)  = 


Sc{u) 


=  r  <*>'(7 

Jo 


)  cos(w7)  dr 


=  f  ([u(r  +  r)  -  <u>][u(r)  -  (t-)]>  cos(wr)  dr. 
Jo 


(141) 


where  all  velocities  are  understood  to  be  longitudinal.  The  principal  diffi¬ 
culty  in  calculating  transport  parameters,  particularly  4>'(r),  in  these 
systems  lies  in  the  complicated  energy  dependence  of  the  many  scattering 
processes.  In  the  past  few  years,  however,  ensemble  Monte  Carlo  tech¬ 
niques  have  been  developed  that  can  be  used  to  calculate  these  transport 
parameters  with  high  resolution.  As  developed  by  Lebowhol  and  Price 
[134]  and  subsequently  used  by  Ferry  and  Barker  [53.135],  the  ensemble 
Monte  Carlo  technique  is  a  hybrid  method  in  which  an  ensemble  of  elec¬ 
trons  is  adopted.  This  ensemble  is  composed  of  Af  electrons,  with  vari¬ 
ables  {/?,}.  i  =  1.2 . N.  where  the  set  R,  =  {A,..v(.  .  .  .}  includes  all 

necessary  descriptors  of  each  electron's  state.  At  each  time  step,  all  /?, 
are  calculated  by  a  Monte  Carlo  process,  and  the  set  [/?,}  is  treated  as  an 
ensemble  evolving  in  time.  The  ensemble  Monte  Carlo  method  has  advan- 
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tages  over  the  normal  Monte  Carlo  technique  in  that  an  ensemble- 
distribution  function  exists  and  evolves  with  {/?,}.  Variables  such  as  veloc¬ 
ity  or  position  are  calculated  from  an  ensemble  average  over  {/?<}  at  each 
time  step  and  the  variance  is  controlled  by  a  sufficiently  large  value  for  N. 
One  should  be  aware,  however,  of  the  vagaries  of  stochastic  simulations 
on  a  computer,  and  we  have  used  a  variety  of  fields,  number  of  electrons, 
and  seeds  for  the  random  number  generators  without  affecting  these  re¬ 
sults.  In  the  calculations  reported  here,  a  value  of  N  =  2500  was  used. 
This  value  is  sufficiently  large  to  give  high-resolution  results  for  the  tran¬ 
sient  dynamic  response  of  the  electrons  to  a  high  electric  field  [55,1 35],  for 
example.  Thus  the  method  is  capable  of  yielding  good  results  for  the 
transport  characteristics. 

The  ensemble  Monte  Carlo  method  was  used  to  calculate  the  correla¬ 
tion  function  in  Si  for  the  total  velocity,  «f>(r)  =  (v(t  +  to)v(t0))  ~  <£'(*)  + 
<  v )*  (all  calculations  shown  in  the  figures  have  <f>(t)  normalized  to  (v*)).8 
The  ensemble  of  electrons  was  initialized  as  a  Maxwellian  at  the  lattice 
temperature  300  K  and  was  assumed  to  reside  at  x  =  0  at  i  =  0.  A  homo¬ 
geneous  electric  field  was  applied  at  t  =  0,  and  the  ensemble  allowed  to 
evolve  in  time.  After  a  reasonable  period  of  time,  the  ensemble  was  in 
pseudoequilibrium  with  the  field  and  had  a  steady  drift  velocity.9  After 
this  pseudoequilibrium  was  achieved,  the  longitudinal  velocity  autocorre¬ 
lation  function  <f>(r)  =  (n(f0  +  /)v(r0)>  was  calculated  for  several  initial 
times  t„.  The  stationarity  of  the  system  was,  therefore,  verified  as  well, 
and  the  averaging  process  was  carried  out  over  the  ensemble  as  well  as 
over  various  initial  times.  In  Fig.  47  is  shown  the  variation  of  <t>(r)  as  a 
function  of  time  r.  for  several  values  of  the  electric  field.  The  initial  fall  of 
6(i)  is  primarily  due  to  momentum  relaxation,  with  the  local  minimum  and 
subsequent  rise  due  to  energy  relaxation  as  suggested  by  Price  [1 17}.  The 
error  bars  indicate  the  spread  of  data  points  from  the  calculations  and 
averaging  procedures. 

The  lowest  field  in  Fig.  47,  10  kV/cm,  lies  below  the  knee  of  the 
velocity-field  curve  and  does  not  really  correspond  to  hot  electrons.  In 
this  case,  there  is  no  him  of  a  negative-going  portion  [where  6U)  <  <  (e)2, 
the  steady-state  result].  There  is  evidence,  however,  of  a  tailing  behavior 

"  The  use  of  <5(r).  rather  than  the  more  normal  <ft  (r).  was  adopted  as  this  allow  s  log-log  or 
semilog  plots  to  be  used  without  zero-crossing  complications.  The  two  are.  of  course,  iden¬ 
tical  for  equilibrium  cases,  but  the  second  equality  follows  if  the  process  is  at  least  wide- 
sense  stationary-  The  latter  is  not  a  foregone  conclusion  in  nonlinear  processes [}]  and  must 
be  checked  in  each  case  As  discussed  in  the  test,  this  was  done  and  calculations  usmgeilher 
6'lt)  or  <i(r)  were  found  to  agree 

’  I;  is  found,  for  example,  that  at  ’5  kV/cm.  the  transient  and  overshoot  velocity  effects 
have  decayed  in  less  than  It  •  p\ec. 
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away  from  the  initial  exponential.  This  behavior  is  well  developed  in  Fig. 
47b,  for  25  kV/cm.  It  is  clear  from  Fig.  47b  that  the  initial  decay,  the 
momentum-relaxation  portion,  deviates  substantially  from  an  exponential 
for  times  greater  than  about  0.1  psec,  and  it  is  evident  that  although  <£(/) 
decays  initially  as  an  exponential,  it  deviates  noticeably  from  this  behav¬ 
ior  at  long  times  and  begins  to  decay  as  t~3n.  This  behavior  differs  from 
that  reported  by  Fauquemberque  el  al.  [M2]  but  appears  to  be  intrinsic  to 
the  momentum-relaxation  process  [136].  At  still  higher  electric  fields,  this 
tailing  behavior  is  washed  out  because  of  the  much  faster  energy- 
relaxation  process. 

The  initial  exponential  decay  portion  is  significant.  The  time  constant  of 
this  portion  of  the  decay  of  is  closely  related  to  and  slightly  larger 
than  the  momentum-relaxation  time  rm  associated  with  the  chordal  mobil- 


Hs.  47a.  I  he  total 'elociu -correlation  function.  d>(r  -  f.O  =  as  .1  function  ol 

1  -  ...  for  Si  at  '1  h *  k  i;it  lielj  .1:  10  kV/cm  I  he  curves  arc  normalised  to  tt  ;  <_*>,,  i' 

■:  ■  : '1.  the  tir.i'  r.ilue  the  indi'tJual  curse*  are  discussed  in  the  lest 
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ity  p.  =  ud/F,  rather  than  the  differential  mobility  dia/dE  (here  we  define 
the  effective  or  average  -m  =  m'^/e).  The  latter  quantity  has  been 
suggested  as  the  appropriate  quantity  for  longitudinal  diffusion  [111].  At 
25  kV/cm,  the  velocity  is  becoming  very  nearly  saturated,  so  that  the  dif- 
g  ferential  mobility  is  more  than  an  order  of  magnitude  smaller  than  the 

chordal  mobility.  This  difference  is  readily  distinguished  from  the  data  in 
Fig.  47.  The  decay  of  d>(r)  —  exp(-  t/r0)  and  at  25  kV/cm.  for  example,  is 
best  fit  with  a  r0of7  x  |0"M  sec,  while  7n,  —  5.4  x  10'14  sec.  The  results 
of  the  decay  constant  of  the  exponential  portion  of  4>{t)  being  slightly 
larger  than  rm  appears  to  be  a  general  result,  as  it  was  checked  at  several 
*  other  values  of  electric  field.  Van  Kampen  [  1 16]  has  suggested  such  a  dif¬ 

ference  would  occur  as  a  general  result  of  nonlinear  relaxation.  If  v (r> 
decays  as  exp(-r/rn),  he  suggests  that  a  fully  nonlinear  treatment  of 
noise  would  have  the  correlation  function  decay  with  a  characteristic  time 
7o  =  rm/(  I  -  €).  where  e  -  1 .5< r>*/(  t'-> .  This  gives  r0  -  6.8  x  I0'14  sec 
l|  at  25  kV/cm.  for  the  rm  just  given,  which  is  within  the  accuracy  of  the 
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Fig.  48.  The  deviation  of  r»  from  rm  for  Si  at  300  K.  The  velocity-autocorrelation  function 
<S(f)  decreases  initially  as  exp(-r/r0).  Although  this  initial  fall  corresponds  to  momentum 
relaxation,  r„  >  rm. 

present  calculations.  However,  this  correction  does  not  show  the  explicit 
field  dependence  of  r0/-m.  Both  (u)J  and  (v-)  can  be  expected  to  increase 
(almost  quadratically)  with  F  until  saturation.  Then  (i>)2  should  become 
independent  of  F.  This  would  imply  a  reduction  of  E.  It  is  observed,  how¬ 
ever,  that  E  increases  with  F.  In  Fig.  48.  we  plot  the  variation  of  -0/rm 
with  electric  field.  It  is  observed  that  70/rm  increases  with  the  field, 
although  not  quite  linearly. 

In  Fig.  49,  the  Laplace  transform  and  Fourier  cosine  transform  of  $'({) 
are  shown  for  a  field  of  25  kV/cm.  Contrary  to  linear  transport,  these 
functions  are  not  simple,  monotonically  decreasing  functions  for  large  <u 
and  s.  Rather,  they  exhibit  peaks  at  high  frequency.  The  origin  of  these 
peaks  lies  in  the  enhanced  high-frequency  conductivity  [8S.  p.  126]  in 
regions  where  the  energy-relaxation  process  can  no  longer  follow  the  ac 
field.  Thus,  these  peaks  have  their  origin  in  the  same  processes  that  lead 
to  velocity  overshoot.  The  oscillations  in  5,(w)  at  high  frequency  appear 
to  be  related  to  the  oscillations  at  long  time  on  6'U).  While  these  oscilla¬ 
tions  may  not  be  real,  their  presence  and  the  shape  of  5\(w)  has  also  been 
observed  by  Grondin  in  GaAs  [137],  From  this  figure,  it  is  apparent  that 
enhanced  noise  will  appear  in  Si  devices  at  frequencies  above  ~  10"  Hz 
and  that  correlated  carrier  motion  can  be  expected  for  times  on  the  order 
of  I  psec. 


coefficient  {cmJ/scc  ) 
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Approaches  such  as  this  can  be  used  to  calculate  the  diffusion  coeffi¬ 
cient  as  well,  through  Eq.  (141)  for  <o  -+  0.  This  has  been  done  theoreti¬ 
cally  and  compared  with  experiments  by  the  group  in  Modena  (138).  The 
results  are  shown  in  Fig.  50.  The  curve  with  a  =  0.5  is  the  preferred 
nonparabolicity-corrected  curve  for  Si.  The  agreement  with  experiment  is 
good,  but  not  great.  Part  of  the  difference  is  in  the  assumption  that  the 
packet  of  electrons  diffuses  as  a  Gaussian,  which  is  not  a  valid  assump¬ 
tion. 

The  spatial  distribution  shows  strikingly  non-Gaussian  behavior.  In 
Fig.  5  la,  we  illustrate  n(x)  normalized  to  a  Gaussian  with  the  same  value 
of  [((Ax)*)]1'1  (i.e.,  same  a  values)  for  10  kV/cm.  When  compared  to  the 


(o) 


Fig.  51-  The  spatial  distribution  function  nix)  normalized  to  a  Gaussian  tor  (a)  10  kV/cm 
and  (bl  100  kV  cm  for  Si  at  300  K  The  non-Gaussian  nature  is  discussed  in  the  text. 


Gaussian.  we  find  n(x)  truncated  in  the  tail  region.  This  probably  arises 
troni  the  fact  that  the  electrons  in  the  tail  have  much  higher  energy  and  get 
hot  faster.  Once  into  the  velocity-saturation  region  (F  =  50  kV/cm),  a 
Gaussian  again  appears:  but  at  higher  fields,  there  are  indications  that  the 
tailing  i>  reversed.  In  Fig.  51b,  we  illustrate  this  by  showing  /Hr)  for  100 
kV/crn  At  this  field,  we  are  approaching  breakdown,  and  there  are  a  sig¬ 
nificant  number  of  "lucky"  electrons  [77]  in  the  tail  of  «( G.  These  varia- 
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tions  agree  with  the  trends  seen  in  the  data  of  Fig.  50  and  may  be  the 
cause  for  the  lack  of  agreement. 

0.  Transient  Diffusion 

In  recent  years,  much  interest  has  centered  on  the  transient  dynamic 
response  of  electrons,  especially  as  it  impacts  carrier  transport  through 
small  spatial  regions  in  which  the  electric  field  is  high.  In  particular,  in  the 
pinch-off  region  of  the  channel  in  a  field-effect  transistor,  the  carriers 
move  by  drift  and  diffusion  in  a  very  high  electric  field.  Considerable 
interest  has  centered  on  the  velocity  response,  especially  that  of  the  over¬ 
shoot  velocity  [3,38,39].  The  transient  response  in  these  high-field  condi¬ 
tions  is  significant  in  that  carriers  may  completely  transit  the  region  prior 
to  obtaining  a  steady-state  high-field  distribution.  Thus,  the  transient 
velocity  can  be  more  significant  than  the  steady-state  velocity.  Consider¬ 
ably  less  attention  has  been  focused  on  the  transient  diffusion  that  also 
occurs  under  these  conditions.  The  lack  of  attention  paid  to  transient  dif¬ 
fusion  is  easily  understood  when  it  is  recognized  that  diffusion  is  actually 
a  process  depending  on  velocity  correlation  [139],  and  the  relationship 
between  diffusion  and  drift,  as  expressed  by  the  Einstein  relation,  is  a 
steady-state  (stationary  distribution)  relation  [122],  The  problem  is  com¬ 
plicated  by  the  fact  that  the  random-walk  equations  governing  diffusion 
do  not  reduce  to  normal  Fick’s  law  behavior  on  time  scales  comparable  to 
relaxation  processes  [122],  a  result  of  the  general  non-Markovian  nature 
of  transport  on  these  time  scales  [62].  The  purpose  of  this  section  will  be 
to  highlight  some  of  these  problems  and  to  illustrate  them  with  results  cal¬ 
culated  by  the  ensemble  Monte  Carlo  technique. 

Diffusion  is  related  to  the  spatial  spreading  of  an  ensemble  of  carriers 
with  time,  as  the  ensemble  responds  to  both  applied  drift  forces  and 
random  forces,  such  as  are  generated  by  collisions.  In  general,  the  diffu¬ 
sion  coefficient  is  related  to  the  ensemble  position  distribution  through 
Eq.  (126).  In  the  case  of  a  transient  dynamic  response,  however,  the 
problem  is  more  complicated.  A  Fokker-Plank  equation  can  be  generated 
whose  solution  is  the  transition  probability  for  a  particle  at  .v0.r0  to  transi¬ 
tion  to  x.i.  On  the  short-time  scale  over  which  relaxation  processes  occur, 
this  equation  does  not  reduce  to  the  normal  diffusion  equation  [130],  The 
problem  lies  in  the  fact  that  the  Langevin  equation,  from  which  the  former 
equation  is  obtained,  is  second  order  in  position.  While  it  remains  Marko¬ 
vian  in  phase  space,  its  projection  onto  real  space  does  not.  except  for 
long  times  'xhen  the  ensemble  is  stationary.  Thus  Eq.  ( 126)  must  be  cor¬ 
rected  for  the  nonlocal  (in  time)  behavior.  Then  [122.130], 

<(AO'>  ( 2  ( t  -’)  !y)\i  (l/v)[l  -  <•  i|a:, 


yWUHlKWIlUlkrun^*'' 
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where  l/y  is  the  relaxation  time  and  (u*)  the  mean  squared  velocity  about 
the  mean. 10  From  a  fluctuation-dissipation  theorem,  wc  generally  define 
D  =  <ul>/y.  If  we  use  Eq.  (126),  we  find 


n  «Ax)») 

2MI  -  [I  -  e~r,)/yt)' 

If,  however,  we  use  Eq.  (127),  then 

_  d({Lx)r)/dt 
2(1  -  e~yi)‘ 


(143) 


(144) 


The  difference  in  these  two  is,  of  course,  in  the  denominator.  The  denomi¬ 
nator  of  (143)  goes  as  rJ  for  small  t  and  that  of  (144)  goes  as  t  plus  what¬ 
ever  variation  comes  from  the  derivative  term.  We  cannot  say  which  is 
correct,  but  if  ((Ax)1)  varied  as  t *  for  small  t,  both  would  give  a  constant 
D.  In  fact,  this  does  not  occur  for  the  general  nonlinear  relaxation  to  a 
nonequilibrium  steady  state. 

In  a  stationary  distribution,  the  diffusion  coefficient  can  be  related  to  a 
velocity-correlation  function  from  which  the  mobility  is  also  derived.  This 
leads  to  the  classical  Einstein  relation,  which,  for  a  nondegenerate  semi¬ 
conductor,  is 


D  =  (iksTt/e,  (145) 

where  pt  and  Tt  are,  respectively,  the  chordal  mobility  and  electron  tem¬ 
perature  at  a  particular  electric  field.  In  general,  the  Einstein  relation  does 
not  hold  for  hot  electrons,  and  it  is  of  interest  to  know  how  far  this  result 
differs  from  Eqs.  (126)  or  (143)  in  the  case  of  the  transient  dynamic 


response. 

We  have  carried  out  calculations  for  the  longitudinal  diffusion  by  the 
ensemble  Monte  Carlo  process.  In  this  case,  an  ensemble  of  1(V  electrons 
is  subjected  to  transport  via  a  Monte  Carlo  technique.  At  each  time  step, 
the  transport  parameters  are  obtained  by  an  ensemble  average.  The  time 
evolution  of  these  ensemble  averages  yields  the  time  evolution  of  the 
transport  parameters.  This  technique  has  previously  been  shown  to  yield 
excellent  argeement  for  the  transport  coefficients  and  to  agree  well  with 
parameterized  distribution  approaches,  which  explicitly  define  selected 
coefficients  In  the  present  calculations,  the  carrier  ensemble  was  as¬ 
sumed  i<>  have  been  injected  in  GaAs  at  x  =  0  at  /  =  0.  i.e..  as  a  f>- 
functior.  ensemble.  The  spread  of  the  distribution  and  its  drift  under  an 
applied  homogeneous  electric  field  of  25  kV/cm  was  calculated.  The 
kinetic  temperature  ( l\  =  300  K)  and  drift  velocity  were  also  calculated 

v  ','V.ikme  I  ij  i  |a'i  i- v.ilul  oiil>  io!  Ime.i!  lel.iv.uiv'ii  K>  e.)(iilil'iiiiin  t.  \K:  .ei 

’  •  '  '  •'  m.'aonci.  i*  «'  Kttl  ;ippr»>\  f«v  jcJ  i\ f«  >t 

• .  d  *  -  "  '  ‘  .  die  t  v  .•  >  .  s-  s  r.s  i  !■■.*.  .  *  -  .m?!-. 

*  ‘  ^  .*.  *  v' 
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t  (to12  sec) 

Fig.  52.  Diffusion  coefficients  calculated  from  Eqs.  (126).  (143).  and  (145)  (curves  a-c, 
respectively)  for  an  ensemble  of  earners  injected  into  GaAs  at  x  =  0.  i  =  0.  T  =  300  K.  at  25 
kV/cm. 

during  the  calculation.  Gallium  arsenide  was  chosen  because  of  the  com¬ 
plications  arising  from  intervalley  transfer  and  negative  differential  con¬ 
ductivity.  In  such  material,  the  transient  dynamic  response  is  dominated 
by  the  differential  repopulation  between  nonequivalent  valleys  [72,140]. 
The  diffusion  coefficient  was  calculated  by  each  of  Eqs.  (126),  (143).  and 
(145),  and  the  results  are  shown  in  Fig.  52.  In  using  (145).  the  mobility  p  is 
taken  as  vJF  and  is  not  a  differential  mobility,  a  definition  in  keeping  with 
the  correlation-function  approach.  If  a  derivative  approach  [Eq.  (127)] 
were  used,  the  results  would  be  closer  to  those  of  (145)  on  the  rising  por¬ 
tion  of  the  response  ( t  <  0.2  psec).  However,  the  derivative  approach 
would  give  a  negative  diffusion  during  the  falling  portion  of  the  curve,  a 
result  not  at  all  in  keeping  with  (145),  although  understandable  on  physical 
terms.  In  this  region,  the  carrier  ensemble  appears  to  actually  be  con¬ 
tracting  as  the  faster,  more  energetic  carriers  transfer  to  the  heavy  mass 
satellite  valleys.  Within  the  accuracy  of  the  Monte  Carlo  method,  all  three 
approaches  converge  as  the  ensemble  approaches  a  stationary  distribu¬ 
tion  in  phase  space. 

APPENDIX  A.  DERIVATION  OF  THE  BALANCE  EQUATIONS 

i  he  balance  equations  given  in  Section  HI  are  obtained  by  taking  the 
moments  of  the  Boltzmann  transport  equation,  assuming  that  the  distnbu- 
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tion  function  in  each  valley  is  a  drifted  Maxwellian.  Thus 

/J(k)  =  C,  exp[-/tl(k  -  k<u)i/2mJkBTtj),  (A-l) 

where  hk =  rtijv ^  is  the  average  drift  momentum  of  the  electron  gas,  C  a 
constant  for  normalization  purposes,  and  the  electron  temperature, 
with  the  subscript  j  referring  to  the  jth  valley.  From  Eq.  (A-l),  it  follows 
that  f,(E)  =  /*(£)  +/],(£).  with 

ME)  =  C,  exp(-  E/kBTei)  (A-2) 

and 

ME)  =  v(mcVai/kBTtj)ME)-  (A'3) 

The  actual  moments  themselves  are  complicated  by  the  fact  that  the  semi¬ 
conductor  conduction  band  is  describable  by  a  multivalley  structure, 
which  often  comprises  nonequivalent  valley  sets,  and,  hence,  is  a  coupled 
system.  We  must  also  account  for  the  repopulation  effects  that  can  occur. 
The  Boltzmann  transport  equation  is  given  as 

j(  +  v  •  V/  +  ef  •  Vp/  =  £  { W(p,p')/(p'>  -  W(p\p)/(p)}.  (A-4) 

In  Eq.  (A-4),  W(p,p')  is  the  scattering  rate  from  state  p'  to  state  p.  In  the 
following,  we  shall  ignore  the  inhomogeneity  term  v  •  V/,  although  it  can 
readily  be  incorporated.  We  define  the  average  of  d>(p)  in  the  ith  valley  as 

<6(p,)),  =  —  j  </>(p)/(p)  dp.  (A-5) 

J 

To  begin,  we  multiply  Eq.  (A-4)  by  an  arbitrary  function  of  d>(Pi)  assum¬ 
ing  d>(Pl)  and  /,( p, )  represent  the  ith  valley  (or  set  of  equivalent  valleys  in 
this  case).  Then,  integrating  over  p,  yields 

—  (/(,< 6},)  - 
at 

=  S  iX  iu<p.  P.')/(P.')  _  wtp/.p.vAp,)] 

1\  ^  ^ 

+  2  !U  <P.-P/V<P/I  -  U  (p, -P-V/lPdlj  d><Pd-  ( A 


Here.  we  have  separated  the  mtravalley  ( w  > t h  equivalent  intervalley)  and 
noneqmt alent  inteivallev  contributions  to  the  scattering  processes.  When 
'h  ■  ' i .* ■  d  tin.il  st. lie  m  the  same  '••tiles  (ot  an  equivalent  valley  1 

.•  tble  s :  ■  ■  local  < } : - :  ibiuion  p.mcho:-  With  t h: ' 

■  i :  c  i .•.lies  '  -  >•  •  t  c  i  milt  !' .  ".d  vide  o:  I  q  \  in  i  --nn , 1 


290 


H  L  Grubin.  0  K.  Ferry.  G  J  lafrale.  and  J  R  Barker 


tion  over  pi)  can  be  treated  by  a  simple  change  of  variables  and  this  term 
becomes 

«.0*(p.))r.  (A-7) 

where 


r*(p.)  =  2  w(p;.p.>[<Mp;)  -  <Mp,)}.  (a-8) 

p' 

If  <t>  =  C,  this  term  vanishes  and,  as  expected,  makes  no  contribution  to  a 
density-balance  equation. 

The  nonequivalent  inlervalley  terms  can  be  written  as 

*  (^U  =  2  w  {l  mPi,p;)Ap})~  wto»/ta>} 
-S/(PiWi)2 

O', 

-  2/(p.)</>(p,)  2  ^(Pi'.P.).  (A-9) 

e,  «>; 

where  we  have  used  the  energy-conserving  8  function  inherent  in  W(p;  ,p/) 
to  define  the  renormalized  momentum  through  the  relation 

e,'  =  c,  ±  hu)Q  =  ±  ha>0,  (A- 10) 

so  that  ijj  is  a  function  of  p,'.  Introducing  the  scattering  rate  as 

r<P)  =  2  w(p'.p>.  (A- id 

p' 

Eq.  (A-8)  becomes 

n,  y  =  >i,<d>(£,>ltp,')),  -  /fi<d»(p,)r(p,)),.  t  A  - 12) 

Bv  insening  the  details  of  the  various  scattering  processes,  the  individual 
moment  equations  can  be  readily  set  up.  However,  because  of  the  multi¬ 
plicity  of  scatterers.  the  individual  equations  are  quite  complicated  We 
'hall  not  delve  deeper  into  their  structure  here. 


APPENDIX  B.  THE  WIGNER  DISTRIBUTION  FUNCTION 


Classical  transport  phv-ucs  is  based  on  the  concept  of  a  probabilitv  dis 
mbution  function,  which  i>  defined  over  the  phase  space  ot  the  po'ition 
md  momenta  of  all  the  panicles  concerned  The  time  rate  ot  chance  of 
'  di'ti  ihution  function  i'  govern.-. !  ;n  (he  I  louville  equ.tii.'ii  if  ■  ..  I  a.\ 
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sical  expectation  value  of  any  physical  observable,  which  is  a  function  of 
position  and  momentum,  is  obtained  by  integrating  the  product  of  the 
observable  and  the  distribution  function  over  all  of  phase  space. 

In  the  quantum  formulation  of  transport  physics,  the  concept  of  a 
phase-space  distribution  function  is  not  possible  inasmuch  as  the  noncom¬ 
mutation  of  the  position  and  momentum  operators  (the  Heisenberg  uncer¬ 
tainty  principle)  precludes  the  precise  specification  of  a  point  in  phase 
space.  However,  within  the  matrix  formulation  of  quantum  mechanics,  it 
is  possible  to  construct  a  “probability”  density  matrix,  which  is  often  in¬ 
terpreted  as  the  analog  of  the  classical  distribution  function  in  phase 
space.  The  time  rate  of  change  of  this  probability  density  matrix  is  gov¬ 
erned  by  the  quantum  analog  of  the  Liouville  equation.  Moreover,  the 
expectation  value  of  a  physical  observable  is  obtained  by  taking  the  trace 
of  the  matrix,  which  is  the  product  of  the  probability  density  matrix  and 
the  matrix  that  corresponds  to  the  physical  observable. 

There  is  yet  another  approach  to  the  formulation  of  quantum  transport 
based  on  the  construction  of  the  Wigner  distribution  function  [100].  As  we 
shall  show,  this  distribution  function  has  no  simple  interpretation  in  the 
sense  of  probability  theory  but,  in  lieu  of  its  special  properties,  can  be  used 
directly  for  calculating  expectation  values  of  observables  in  a  manner 
quite  analogous  to  that  of  classical  theory,  i.e.,  by  integrating  the  product 
of  the  observable  and  the  Wigner  distribution  function  over  all  phase 
space. 

In  this  section  we  shall  review  the  salient  features  of  the  Wigner  distri¬ 
bution  function.  Although  the  Wigner  function  is  generally  defined  in 
terms  of  all  the  generalized  coordinates  and  momenta  of  the  system  in 
question  as 

P* (v,  •  •  •  x„,pl  ■  ■  ■  p„) 


( B- 1 ) 

ue  shall  discuss  the  properties  of  the  Wigner  function  in  terms  of  a  single 
coordinate  and  momentum.  In  this  case,  we  let 

Puix.p)  =  I  dy  (  v  t  <//  (a  -  e\p 

u  here  «/«( v)  refers  to  the  state  of  the  system  in  the  coordinate  represen¬ 
tation. 

The  distribution  function  of  F:q  ( B - 2 >  has  interesting  propertie>  in  that 
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the  integration  of  this  function  over  all  momenta  leads  to  the  probability 
density  in  real  space;  conversely,  the  integration  of  this  function  over  all 
coordinates  leads  to  the  probability  density  in  momentum  space.  In  math¬ 
ematical  terms. 


/: 


P\Ax,p)  dp  =  <J/*(x)ifi(x) 


(B-3a) 


and 


where 


J  P*(x,p)  dx  =  <f»*(p)<f>(p).  (B-3b) 

<t>(p)  =  (2t rhyn  J  exp  «K*)  dx. 

It  follows  immediately  from  Eq.  (B-3)  that,  for  an  observable  F(x,p), 
which  is  either  a  function  of  momentum  operator  alone,  of  position  opera¬ 
tor  alone,  or  of  any  additive  combination  therein,  the  expectation  value  of 
the  observable  is  given  by 


(F) 


-//' 


FP\y{x,p)  dx  dp , 


(B-4) 


which  is  analogous  to  the  classical  expression  for  the  average  value. 
Herein  lies  the  interesting  aspect  of  the  Wigner  distribution  function;  the 
result  of  Eq.  (B-4)  suggests  that  it  is  possible  to  transfer  many  of  the  re¬ 
sults  of  classical  transport  theory  into  quantum  transport  theory  by  sim¬ 
ply  replacing  the  classical  distribution  function  by  the  Wigner  distribution 
function.  However,  unlike  the  density  matrix,  the  Wigner  distribution 
function  itself  cannot  be  viewed  as  the  quantum  analog  of  the  classical 
distribution  function  because  it  is  generally  nonpositive  definite  and  non¬ 
unique  [/\v(.T.p)  of  Eq.  (B-2)  is  not  the  only  bilinear  expression  in  0  that 
satisfies  Eq.  (B-3)]. 

Further  resemblance  of  the  Wigner  distribution  function  to  the  classical 
distribution  function  is  apparent  by  examining  the  equation  of  time  evolu¬ 
tion  for  Pu(x.p).  Upon  assuming  that  <M.v)  in  Eq.  (B-2)  satisfies  the 
Schrddinger  equation  for  a  system  with  Hamiltonian  //  =  (p-/ 2»:)  + 
l'(.v).  it  can  be  readily  shown  that  Pw(x,p)  satisfies  the  equation 


<f/\v  f)  f»/’u 


dt 


III  dx 


+  6  ■  P 


0. 


B-5) 


9  p*  =  -7,1'-" 


„  (ft/2)1""  <F"~ '  V(.v)  rt-"-‘/,u(  v.p) 


(2//  +  I)! 


dp 


— !  B-6a) 
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Alternately,  8  •  Pw  can  be  expressed  as 

8  |  [sin  f  {“}]  rWWjO.  (B-6b) 

where  it  is  understood  that  the  position  gradient  operates  only  on  the  po¬ 
tential  energy  V(x).  It  is  evident  that  in  the  limit  h  -*■  0,  8  •  Pw  in  Eqs. 
(B-6)  becomes 

f v-  ,B'7) 

so  that  Eq.  (B-5)  reduces  to  the  classical  continuity  equation;  it  is  also 
clear  that  the  dominant  quantum  correction  to  8  •  Pw  is  of  order  h*,  with 
this  term  also  having  dependences  on  the  third  derivative  of  potential  en¬ 
ergy  with  respect  to  position  and  the  third  derivative  of  the  Wigner  distri¬ 
bution  function  with  respect  to  momentum. 

The  Wigner  distribution  function  is  derivable  [109]  from  the  Fourier  in¬ 
version  of  the  expectation  value  with  respect  to  state  if/(x)  of  the  operator 
exp[i(rp  +  0.i)]  (here,  x  and  p  satisfy  the  commutation  relation  [x,p]  = 
ifi).  As  such, 

Pv(x,p)  =  ~  j  j  Cw(t,0)  exp[-  i(rp  +  0x)]  dx  dd ,  (B-8a) 

where 

Cxdr.d)  =  j  t!/*(x)  exp [i(xp  +  8.x))  ip(x)  dx  (B-8b) 

and  the  interval  of  integration  is  t-*,30]  unless  otherwise  specified.  In 
order  to  show  that  the  right  side  of  Eq.  (B-8a)  is  indeed  the  Wigner  distri¬ 
bution  function  as  defined  in  Eq.  (B-2),  note  from  the  Baker -Hausdorff 
theorem  [1 10]  that  exp[/(rp  +  8x)  can  be  rewritten  as 

exp[urp  +  0.v)]  =  exp (ii'-p)  exp(/0.v)  exp (h'rp)  (B-9) 

in  which  case  Cuir.0)  of  Eq.  (B-8b)  becomes 

Cxx(r.8 1=  |  exp(- ]fYp]<i/(.v)  exp(idx)  exp[;/rp]t//(.v)  dx.  (B-10) 

—  x 

uhich  further  reduces  to 


C  «•  7.0) 


+  •: rh )  dx. 


(BID 


Then,  by  inserting  Cw(7.tf)  of  Eq.  (B-l!)  into  the  right-hand  side  of  Eq. 
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(B-8a),  integrating  over  the  variable  6  by  using  the  relation 

J'  exp  /0(x*  -  xT)  d0  =  2n6(x'  -  .v”). 

and  letting  r  =  y/h,  the  desired  result  is  obtained. 

The  method  just  outlined  for  arriving  at  the  Wigner  distribution  func¬ 
tion  is  based  on  the  notion  of  a  characteristic  function.  The  characteristic 
function  of  an  observable  A  with  respect  to  state  |tj»)  (here,  the  Dirac  no¬ 
tation  is  utilized  for  purposes  of  generality)  is  defined  as 

CA&  =  <*|exp(»fA)|.//>,  (B-12) 

where  £  is  a  real  parameter.  Assuming  A  to  possess  an  eigenvalue  spec¬ 
trum  given  A\A')  -  A'\A'),  CA(0  can  be  evaluated  in  the  A'  represen¬ 
tation  as 

CA({)  =  j  dA'  |  dA"  (t/f|A')(A'|exp(/fA)|A'')(A"|»//).  (B-13) 

Since  (A'|expO'£A|A")  =  exp(r^A')  8(A'  -  A”)  in  the  A'  representation, 
CA(f)  in  Eq.  (B-13)  reduces  to 

CA(0  =  j  dA'  exp(/fA')j<M2,  (B-14) 

where  =  |<«p>|2  s  /^A'),  the  probability  distribution  function  for 
measuring  A'  in  state  |</i).  Hence,  the  characteristic  function  for  A  is  the 
Fourier  transform  of  the  probability  distribution  function  P(A').  Subse¬ 
quent  inversion  of  Eq.  (B-14)  leads  to 

P(A')  =~f  CA(Z)  exp  (-i(A')  d£.  (B-15) 

The  Wigner  distribution  function  was  derived  by  taking  the  Fourier 
transform  of  the  characteristic  function  for  exp [/( r/>  +  d.v)].  In  view  of  the 
connection  between  the  probability  distribution  function  and  the  charac¬ 
teristic  function  for  a  given  observable,  this  approach  seems  to  be  a  natu¬ 
ral  way  of  obtaining  a  distribution  function  for  momentum  and  position. 
Unfortunate!).,  the  noncommutative  nature  of  the  two  observables 
destroys  the  convenient  probability  interpretation  of  the  characteristic 
function  implicit  in  Eq.  (B-15). 

In  order  to  demonstrate  this  point,  assume  the  characteristic  function  of 
two  noncommuting  observables,  A  and  B.  to  be 

=  (<t»|exp(/(£,  A  +  fj /?)]  *.'i> . 

Observables  A  and  B  are  assumed  to  have  eigenvalue  spectra 


tB-16) 


IVWUWSTDWUW LVWWIW1 XJULAK. n  »ir  **  * 
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A|A  )  =  A  |A  ),  (B-I7a) 

B\B')  =  B'\B')  (B-I7b) 

and  are  chosen  so  that  [A,[A,B]]  =  [B,[A,B]]  =  0.  This  assumption  is  im¬ 
posed  so  that  the  identity 

exp[/(f,A  +  0)]  =  exp(/f,A)  exp(/f,fl)  exp(- i£,ft[A,fi])  (B-18) 

may  be  used. 

Inserting  Eq.  (B-18)  into  Eq.  (B- 16),  obtaining  the  matrix  elements  of 
exp(/£,A)  in  the  A'  representation  and  exp(i£tB)  in  the  B'  representation, 
and  assuming  [A,B]  is  a  C  number,  we  obtain 

=  exp(-^I^[A,B])  f  dA'  f  dB'  exp[i(M'  +  W)] 

J  J  (B-I9) 

x  < t^|A  ’>  (A '  |B  . 

We  define  F(A',B'),  a  generalized  Wigner  distribution  function,  to  be 

F(A',B')  =  (<//|A')(/t'|B')(B'|i//)  (B-20) 

so  that 

WB’)  =  (2^ji  /  dix  I  du  cxp(*fI6[A,B])Cil.(fl.fI) 

x  exp[-/(f,A'  +  i *B')]-  (B-21) 

It  is  evident  from  Eqs.  (B-20) — ( B-2 1 )  that 

|  ftA\B‘)  dA '  =  |(fi'|ii/)p  =jz\d&  CAB{0.(2)  exp <-if,B')  (B-22a) 


Ft  A  .B")  dB '  =  j(A»P  =  j  d£t  C<fl(f,.0)  exp  (-if,  A’).  (B-22b) 


Thus.  Eq.  (B-21)  establishes  the  relationship  between  the  characteristic 
function  for  two  arbitrary  noncommuting  observables  and  a  generalized 
Wigner  distribution  function.  The  generalized  distribution  function  has 
the  essential  properties  of  the  conventional  Wigner  function  in  that  an  in¬ 
tegration  of  the  generalized  function  over  the  eigenvalue  spectrum  of  one 
observable  leads  to  the  probability  density  in  the  canonically  conjugate 
observable  [Eqs.  (B-22)].  However,  there  is  no  simple  probability  inter¬ 
pretation  of  FiA'.B ')  in  Eq.  (B-2!)  because  of  the  necessarv  overlap 
between  the  states  of  the  noncommuting  observables  If  A  and  B  are  made 
to  cor. mine  so  that  A '  >  and  'B')  have  a  common  set  of  eigenvectois. 
then  /  A  ./I  t  reduces  to  the  classical  distiibuiion  function  fo:  A  -.m!  I! 


3  eg 
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ABSTRACT 

Recent  results  concerning  spatial  and  temporal  transport  in 
submicron  devices  identify  significant  aspects  of  the  role  of 
boundary  conditions,  scaling  for  suggesting  new  materials,  and  struc¬ 
tural  device  changes.  These  results  are  discussed  as  a  means  of 
achieving  high  speed  and  high  frequency  devices. 


INTRODUCTION 

There  are  several  recent  results  concerning  spatial  and  temporal 
transport  in  subtticron  devices  that  are  likely  to  have  an  impact 
on  the  design  of  future  high  frequency  sources.  These  results,  which 
emerge  from  Monte  Carlo,  ant  mcmencum  moment  equation  solutions  to  the 
"Wigner-Bol  tzmanr."  quantum  transport  ecuati an- 
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and  the  Boltzmann  transport  equation  (BTE) 

3f  £  3f  •  3f  =  . 3f « 

3t  m  3x  ^  3p  3t  coll. 


identify  crucial  aspects  of  boundary  conditions,  the  role  of  scaling 

in  choosing  suitable  materials,  and  the  significance  of  alterations 

in  otherwise  simple  device  structures  for  achieving  high  speeds. 

These  tooics  are  reviewed  below.  (It  is  noted:  In  equation  (1)  the 

position  gradient  in  the  brackets  operates  only  on  the  potential 

energy,  f  is  a  single  coordinate  and  momentum  distribution  function 
w 


fw(x.P)  = 


dyV*  (x  +  b  T  (x  -  be 


ipy/h 


and  V(x)  represents  the  state  of  the  system  in  the  coordinate  repre¬ 
sentation)  . 

SCATTERING  MODIFICATIONS  TO  BALLISTIC  TRANSPORT 

Ballistic  transport  implies  carrier  transport  unimpeded  by  inter¬ 
actions  (electrostatic,  or  otherwise)  with  other  carriers,  or  with 
scattering  events.  The  extent  to  which  scattering  centers  are  sensed 
by  transiting  electrons  is  therefore  of  significance.  The  first  set 
of  calculation  shown,  Figure  1  (Ref.  2),  represents  scattering  events 
in  GaAs  for  a  collection  of  electrons  entering  a  uniform  field  region 
with  an  initial  energy  of  approximately  0.30ev.  Intervalley  "-L  energy 
separation  for  this  Monte  Carlo  calculation  is  0.33ev.  It  is  seen 
that,  with  the  exception  of  very  high  fields,  approximately  50%  of  the 
carriers  are  unscactered  over  the  first  500  A. 

The  velocity  versus  distance  curves  for  this  calculation  are  dis¬ 
played  in  Figure  2  (Ref  2),  anc  it  is  seen  that  high  speeds  over  use¬ 
ful  distances  can  be  achieved  even  in  regions  where  a  high  number  of 
scattering  events  has  occured.  The  optimum  conditions  for  this  ap¬ 
pear  to  require  moderate  fields,  generally  near  the  threshold  field 
for  electron  transfer,  and  moderate  injection  energies.  The  depend¬ 
ence  on  the  latter  is  displayed  in  figure  3  (Ref. 2),  where  the  lowest 
achievable  velocities  over  a  discance  of  1500° A  are  for  entry  elec¬ 
trons  with  zero  initial  velocitv.  It  is  also  seen  that  an  ortimur, 
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Figure  1.  Percentage  of  unscattered  electrons  versus  distance. 

Entrance  electrons  have  a  finite  energy.  From  reference 
2,  with  permission. 


entry  energy  exists;  for  energies  near  the  T-L  separation,  scatter¬ 
ing  quickly  reduces  the  net  drift  velocity.  The  optimum  conditions 
identified  by  these  calculations  imply  that  voltage  control  near 
the  entrance  boundary  r.ust  be  near  50mv. 

The  examples  of  Figures  1  through  3  are  for  uniform  fields,  and 
carriers  subject  to  sudden  changes  in  field.  Studies  in  which  spatial 
gradients  accompany  nonuniform  fields  are  more  recent,  several  of  which 
are  considered  at  this  Workshop.  One  aspect  is  considered  below. 

SPAT  LAI  AND  TEMPORAL  TRANSIENTS 

A  relatively  direct  va\  of  handling  spatial  and  temporal  trans¬ 
ients  is  through  moments  of  the  transport  equations  (1)  and  (2). 

Little  has  been  done  with  the  moments  to  the  Wigner  -  Boltzmann  equa¬ 
tion  and  the  following  deals  exclusively  with  BTE  moments.  The 
moments  of  the  BTE  form  an  infinite  hierarchy  of  moment  equations. 

Each  equation  introduces  a  higher  order  moment  noc  defined  fcv  the 
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Figure  2.  Velocity  versus  distance  for  electrons  with  a  finite 

entrance  energy  subject  to  a  sudden  change  in  electric 
field.  From  reference  2,  with  permission. 


given  set  of  balance  equations.  The  most  common  form  of  the  balance 
equations  is  obtained  by  assuming  a  distribution  function  of  the 
form 


f  =  f 


n. 

-  _i  exp 

-i  n 

r.'- 

i 


2 

{  m(u-v)  } 

2  k  T. 
o  x 


(*> 


for  each  species.  More  generally  (Ref.  4) 


x  i£  ^ 

“kl  ?Uj_3u  Kir. 


3u,  3u,  3u 
k.  1  sr. 


.)( 


(3) 


where  it  is  insisted  that  the  first  term  in  the  expansion  gives  the 
correct  local  values  of  density,  velocity  and  energy.  The  coeffic¬ 
ients  in  the  above  expansion  are  inversely  proportional  to  density 
and  are  model  dependent.  The  first  correction  to  the  local  equilib¬ 
rium  balance  equations,  the  so-called  hydrodynamic  approximation  yields 
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Figure  3.  Velocity  versus  distance  for  electrons  with  varying  en¬ 
trance  energies  subject  to  a  sudden  change  in  electric 
field.  From  reference  2,  with  permission. 
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wr.ere  =  n.a.v.,  W.  =  r./tp.v*  +  — r.k.},  o  is  a  stress  tensor 
arising  from  nonuniforr.  velocity  distributions,  and  <  is  the  thermal 
conductivity.  The  stress  term  is  dissipative  in  that  when  a  nenuni- 
form  velocity  distribution  is  impressed  on  an  electron  stream  there 
'-'ill  be  reactive  forces  tending  to  smooth  them  out.  Detailed  informa¬ 
tion  regarding  suitable  values  for  these  terms  are  not  available,  and 
they  are  regarded  as  phenomenological  entries;  they  and  their  modifi¬ 
cation  bv  the  collision  terms  are  to  be  studied. 
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The  boxed  terns  above  represent  contributions  arising  from  the 
nonspherical  nature  of  the  distribution  function.  The  underlined 
terms  are  ignored  in  the  drift  and  diffusion  approximation.  Figure 
4  shows  the  result  of  a  solution  to  the  balance  equations  for  two 
level  transfer  for  a  two-terminal  device  whose  structure  is  receiving 
considerable  attention  as  an  illustration  of  velocity  overshoot.  The 
structure  considered  here  consists  of  a  low  doped  region  LM.pm 
sandwiched  between  two  regions  of  hivher  dooinc  concentration.  The 
structure  is  subject  to  a  bias  of  1  volt.  Four  interfaces  are  involved 
but  most  attention  is  focused  on  the  two  interior  faces  where  signifi¬ 
cant  gradients  in  field  occur,  all  associated  with  differences  be¬ 
tween  the  background  and  mobile  carrier  density.  The  carrier  con¬ 
centration  is  displayed  in  figure  4c,  for  the  case  of  injecting  cathode 
contacts  (Ref.  4).  It  is  seen  that  (a)  significant  charge  injection 
is  present  in  the  low  doped  region,  and  (b)  electron  transfer  occurs 
near  the  downs tream^sect ion  of  the  low  doped  region  and  is  significant 
in  the  downstream  N  region.  It  is  noted  that  the  field  dependence  of 
carrier  density  in  the  T  valley,  N_(F)  is  not  the  same  as  that  asso¬ 
ciated  with  uniform  field  steady  state  values.  Spatial  gradients  re¬ 
sult  in  a  spatial  lag. 

Also  shown  in  figure  4c  is  the  drift  velocity  of  carriers  in  the 
f~vall£y«  and  it  is  apparent  that  the  carriers  acquire  speeds  consid¬ 
erably  in  excess  of  the  steady  state  peak  velocity  of  electrons  in 
GaAs.  These  velocities  are  not,  however,  much  different  in  value  than 
those  associated  with  T  valley  electrons  under  uniform  field  condi¬ 
tions.  The  velocity  shown  in  figure  4c  is  not,  however  the  same  as 
the  carrier  velocity  computed  under  uniform  field  conditions.  The 
velocities  computed  here  include  temperature  as  well  as  momentum 
gradients,  and  are  properly  defined  as  the  current  flux/carrier 
density.  Thus,  increased  velocity  here  is  often  associated  with  de¬ 
creased  carrier  density,  through  current  continuity.  The  key  to  all 
device  design  is  that  high  velocities  must  be  accompanied  by  only  mar¬ 
ginal  transfer  out  of  the  high  mobility  section  of  the  conduction 
band.  This  will  require  device  lengths  shorter  than  the  active  region 
of  the  device  shown  in  this  figure.  (Modifications  to  this  statement 
arising  from  variations  in  material  parameters  are  considered  in 
Ref.  4). 


The  calculations  of  figure  4  show  the  situation  where  a  high 
carrier  velocity  occurs  near  the  downstream  edge  of  the  low  doped 
region.  Often  high  velocities  are  required  near  the  upstream 
boundary  as  indicated  by  figures  1  through  3.  Figure  5  (Ref.  6) 
shows  a  spatially  dependent  result  for  carriers  subjected  to  a  pre¬ 
specified  value  of  electric  field.  The  calculation  is  for  silicon  and 
the  highest  carrier  velocities  occur  near  the  0.4tim  boundary.  Ar. 
accompanying  plot  of  carrier  density  (Ref.  6,  figure  9)  shows  the 
lowest  level  of  carrier  density  ir.  the  region  of  highest  velocity. 
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OiSTANCE  (MICRONS) 

Figure  4C.  Fractional  population  and  central  value  velocity.  (From 
Ref.  4.,  with  permission.) 


Coupling  the  above  results  to  the  need  for  moderate  fields  for 
high  speed  operation  a  useful  taultiterminal  device  very  likely  will 
require  the  presence  of  a  local  moderate  field  region  that  "kicks" 
electrons  into  high  speed  regions.  The  simplest  high  field  in¬ 
jecting  region  could  come  from  local  charge  depletion  or  "notches" 
(Fig.  6).  Note  that  in  Figure  6  the  gate+is  treated  generically. 

Ic  could  be  a  netal  Schottky  contact,  a  p  AlGaAs  layer,  etc. 


SCALING 

In  the  absence  of,  or  ir.  concert  with  structural  variations  in 
devices  it  is  also  necessary  to  examine  changes  in  material  parameters. 
The  change  in  material  parameters  should  have  as  its  goal  high  nobil¬ 
ity  and  high  characteristic  velocities.  Thornber  (Ref.  S)  provided  a 
general  set  c:  guidelines  for  choosing  material  parameters  through 
an  alteration  of  the  scattering  rates,  one  of  which  is  cuscussed  below. 

The  collision  tern  in  the  Boltzmann  transport  equation  is 


wmwma/iKiTvtK*  HAm  n»  mu  a  n.1.  ^  v.^raretvr^  ^  ^  ™  ™  . 
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Figure  6.  Schematic  of  a  high  energy  injection  region  in  a  gated 
submicron  structure. 


v=  Jd3ptp/m  ^d3pf. 


(10) 


The  one  illustrated  below  involves  uniformly  altering  the  scattering 
rate  by  a  constant  T,  and  results  in  the  following  relation 


vr(x,t,F)  =  vfrx.ft,  F/D 


(ID 


Where  the  right-hand  side  is  the  unsealed  velocity.  In  this  scaling 
mobility  is  altered  but  saturated  drift  velocity  is  not. 


A  dramatic  consequence  of  the  effects  of  scaling  is  illustrated 
below,  but  it  is  necessary  to  note  that  the  possibility  of  relevant 
material  scaling  over  a  broad  range  of  electric  field  values  is  re- 
mote.  Rather,  it  is  more  likely  to  be  appliable  over  a  restricted 
range  of  field  values.  This  is  illustrated  for  CaAs.  For  GaAs,  over 
a  field  range  of  approximately  3  -*•  15  kv/cm,  intervalley  F-L  coupling 
is  a  dominant  scattering  mechanism.  Figure  7  shows  the  velocity  field 
characteristic  for  T-L-X  ordering  with  three  different  values  of  the 
T-L  deformation  potential.  All  these  valleys  are  taken  as  parabolic 


with  No=0,  while  all  other  material  parameters  are  those  of  Little¬ 
john,  et  al.  (Ref. 9).  (We  note  that  similar  values  for  material  con¬ 


stants  yield  differences  between  Monte  Carlo  and  balance  equation  cal¬ 
culations.)  In  Figure  7  the  fields  at  points  1,  2  and  3  occur  at  value; 
5.6  kv/cm,  8.2  kv/cm  and  12  kv/cm.  respectively.  The  dominant 
'  valley  total  momentum  scattering  rates  are  4 . 78>:I0‘ 2/sec . ,  7. 32x10* 'V 
sec.,  and  10.0x10* -/sec . ,  respectively.  The  ratios  F/F  are 
1.17x10  '“kv-s/cr..  1.12x10  *-kv-s/cm  and  1.20x10  *~kv-s/cm,  respect¬ 
ively  in  general  agreement  with  the  rule  of  Equation  11. 


Figure  8  i’ 
itv  overshoot, 
arsenide  element 


ivstrates  the  consequences  of  uniform  scaling  on  veioc- 
The  solid  curve  displays  overshoot  for  a  gallium, 
subject  tc  a  field  of  27kv/cn  (Ref.  10).  The  dashed 
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Figure  7.  Steady  state  velocity  versus  field  for  T-L-X  ordering  as 

obtained  from  balance  equations.  Different  curves  are  for 
different  values  of  the  deformation  potential  coupling 
constant  for  intervalley  T-L  scattering. 


(docted)  curve  is  a  sketch  of  a  scaled  curve  for  r=2(r=0.5)  and  a 
field  of  54kv/cm  (13.5kv/cm).  For  T=2,  high  overshoot  velocities 
occur  over  a  short  period  of  time  and  require  high  bias  levels.  By 
reducing  F  to  values  below  1.0  high  overshoot  velocities  are  retained 
for  a  longer  period  of  time  and  at  lower  values  of  field  than  for  GaAs. 
This  result  is  highly  significant  insofar  as  it  suggests  higher  transit 
velocities  for  extended  temporal  scales,  and  indicates  a  direction  of 
material  selection  for  high  frequency  sources. 


GENERAL  CONCLUSION 


It  has  been  known  since  1969  that  the  compound  semiconductors, 

GaAs  in  particular,  are  theoretically  capable  of  providing  high  fre¬ 
quency,  near  100GHZ  oscillations.  Overshoot  has  also  been  known  since 
that  tine  (Ref.  11).  The  difficulty  in  attaining  high  frequency  three- 
terminal  and  sometimes  two-terminal  operation  has  over  the  past  decade 
been  attributed  to  inadequate  contact  regions  (Ref.  12),  material 
preparation,  etc.  Many  of  the  high  frequency  problems  were  thought 
to  be  reduced  by  going  to  small  dimensions,  where  in  addition  to 
shorter  transit  lengths  the  benefits  of  overshoot  would  emerge.  Chile 
it  is  still  too  early  to  state  how  these  benefits  car.  be  implemented 
in  practice,  it  is  clear  that  special  contacts  or  injection  regions 
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Figure  8.  Transient  velocity  characteristics  for  scaled  and  unsealed 
scattering  rates.  Solid  curve  is  from  reference  10. 


are  required.  It  appears,  therefore,  that  the  1969  questions  as  to 
why  devices  are  not  operating  closer  to  theoretical  limits  is  still 
valid  today.  The  dual  solution  approaches  of  the  last  decade  also 
appear  equally  valid  today,  where  the  pursuit  of  novel  device  struc¬ 
tures  emphasizing  the  boundary  role  is  continuing,  while  simultaneously 
new  material  directions  are  sought. 
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ABSTRACT 

The  size  of  expected  future  very-small  devices  will  result  in 
their  being  strongly  coupled  to  the  environment  in  which  they  are 
located.  In  this  paper,  we  examine  several  of  the  limitations  on  the 
device  physics  that  can  be  expected  to  arise  in  these  structures, 
including  the  role  of  the  environment  and  its  effect  on  ballistic 
transport.  In  addition,  we  look  at  submicron  arrays  of  devices  in 
a  lateral  surface  superlattice  (LSSL)  and  examine  transport  in  such 
an  LSSL  through  a  Wigner  function  and  Monte  Carlo  approach. 


INTRODUCTION 

Many  people  have  examined  the  limit  tc  which  semiconductor  de¬ 
vices  can  be  scaled  downward1-".  While  small  devices  in  che  range 
0.1  -  0.3  urn  gate  length  have  been  made4,  problems  such  as  intercon¬ 
nections,  eleccrom.igration  and  thermomigra: ion  ci  metallization,  and 
power  density  within  the  device  strongly  affect  the  packing  density 
and  device  sice  that  can  be  achieved".  Vet,  no  one  has  evaluated  the 
operation  and  performance  of  very-small  semiconductor  devices,  i.e. 
those  that  can  be  conceived  in  che  sub-0.1  jn  sice  range,  and  the 
interactions  within  arrays  of  such  devices.  One  reason  for  this  is 
that  the  transport  within  such  a  device  cannot  be  treated  in  isolation. 


Because  of  che  sice  of  such  a  very-small  device,  it  is  coupled  strongly 
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Co  Che  environmenc  in  which  ic  is  locaced.  The  basic  Cransporc  equa- 
cions  cannoc  be  separaced  from  cheir  casual  boundary  condicions  and 
both  of  Chese  faccors  muse  be  modified  Co  accounc  for  che  influence 
of  Che  device  environment.  In  previous  work,  some  of  us  have  pre- 
senced  a  formalism  Co  address  this4*7,  but  this  formalism  remains 
uncried  due  Co  its  inherent  complexity.  In  Che  present  work,  we  wish 
Co  examine  qualitacively  several  of  Che  limications  on  che  device 
physics  that  can  be  expected  to  arise  in  the  very-small  semiconductor 
device,  particularly  with  respect  Co  the  finiteness  of  source  and 
sink  regions,  contact  regions  and  barriers,  and  the  influence  of  chese 
latter  quantities  on  the  ballistic  transport  that  may  exist  in  the 
device8*9.  In  particular,  we  examine  these  effects  through  the  use 
of  discrete  area-preserving  phase-space  maps  which  display  the  char¬ 
acteristics  of  transport  in  a  generic  device.  In  addition,  we  treat 
the  cooperative  interactions  that  can  arise  in  densely  packed  arrays 
of  devices. 


BALLISTIC  TRANSPORT 

Potential  barriers  within  the  device  can  play  a  significant  role 
in  the  quantum  ballistic  transport  of  carriers  through  it.  Such 
barriers  are  found  in  very-small  devices,  for  example,  to  confine 
carriers  to  the  active  region3,  and  are  an  intimate  part  of  devices 
such  as  the  planar-doped  barrier  transistor10,  tunneling  barrier  de¬ 
vices11,  real-space  transfer  devices12,  or  superlattice  avalanche 
photodiodes13.  When  a  barrier  is  present  at  the  contact  region,  care 
must  be  taken  to  adequately  handle  turning-point  reflection  of  the 
electrons  from  this  barrier.  Even  when  the  electron  has  sufficient 
energy  to  pass  over  the  barrier,  there  is  a  well-known  quantum  mechan¬ 
ical  reflection  at  the  barrier  Interface.  If  the  potential  barrier  is 
smooth,  i.e.  introduces  a  transition  over  many  wavelengths,  the  re¬ 
flection  and  wave  function  matching  can  be  handled  by  well-known 
approximation  techniques  such  as  the  WKB  approximation14,  in  which 
the  potential  barriers  represent  turning  points  for  a  near-classical 
path.  In  the  very-small  device,  however,  the  barriers  are  expected 
to  be  sharp  on  the  scale  of  the  electron  wavelength  and  care  must  be 
exercised  in  matching  wavefunctions  and  determining  reflections.  The 
reflection  problem  is  further  complicated  in  real-space  transfer  de¬ 
vices12  due  to  the  different  band  structure  on  either  side  of  the 
barrier.  Here,  additional  terms  arise  due  to  the  spatial  variation 
of  the  effective  mass. 

If  the  potential  barriers  are  slowly  varying  on  the  scale  of  the 
wave  packet,  the  trajectories  are  largely  those  of  the  classical 
motion.  Even  if  this  is  not  the  case,  as  we  expect  for  the  very-small 
device,  nearly  semiclassical  trajectories  can  be  expected  if  the  var¬ 
iation  of  the  action  is  limited  to  a  few  low-order  derivatives15. 

In  semi-classical  systems,  the  phase  space  of  the  classical  motion 
forms  a  natural  framework  in  which  to  examine  problems  such  as  these. 
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While  classical  one-dimensional  transport  appears  to  be  basically 
simple,  there  exists  recent  work  that  suggests  that  even  this  simple 
problem  contains  a  number  of  unexpected  subtleties16.  In  this  paper, 
we  begin  to  Investigate  the  role  of  barriers  in  submicron  devices 
through  the  use  of  such  finite,  area-preserving  phase-space  mappings 
of  classical  dynamics.  The  use  of  such  mappings  reveals  a  variety 
of  complicated  structure16*17,  and  has  had  recent  success  in  explain¬ 
ing  Che  cause  of  excess  noise  in  Josephson  junction  parametric  amp- 
lifiers18* 18.  The  results  that  we  obtain  indicate  that  if  these 
mappings  are  applicable  to  the  VLSI  scale,  then  present  concepts  of 
submicron  transport  may  require  substantial  generalization. 

The  types  of  subleties  to  which  we  are  referring  are  best  ill¬ 
ustrated  by  Fig.  1.  There,  we  are  using  an  area-preserving  mapping 
of  particle  position  (horizontal)  and  momentum  (vertical)  within  a 
device  active  region  bounded  by  two  Gaussiam  potentials  V(x)  (over¬ 
laid  In  the  figure).  In  addition,  an  electric  field  has  been  applied 


Figure  1.  The  phase-spacing  napping  of  ar.  initial  uniform  distri¬ 
bution  of  electrons  in  a  generic  very-small  semiconductor 
device.  The  contact  regions  are  represented  by  a  twin- 
gaussian  potential  V(x).  The  horizontal  direction  is 
position  while  the  vertical  direction  is  momentum. 
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The  canonical  mappings  are  area-preserving  since  we  are  considering 
a  collisionless  (conservative)  system  and  looking  at  the  ballistic 
transport.  The  classical  differential  equations  of  motion  are 


x  *  +  p/m  , 

and  the  discreet  classical  area-preserving  maps  are 


Pn+1  Pn  ^  3x  x 


n+1  , 


x  =  x  +  T  p  /m 
n+1  n  n 


In  Fig.  1,  the  potential  has  been  scaled  so  that  the  two  potentials 
have  a  weak  overlap.  For  small  values  of  the  total  energy,  resonant 
orbits  occupy  the  central  part  of  the  figure.  These  orbits  are  in  the 
region  of  the  classically  integrable  motion.  For  larger  values  of 
the  energy,  however,  the  orbits  are  such  that  the  particles  are  swept 
out  of  the  well  by  the  field.  An  energy  dissipating  collision  can 
drop  a  high  energy  particle  into  the  resonant  region,  thus  trapping 
it  within  the  structure.  We  expect  these  particles  to  contribute  a 
diffusive  component  of  current.  Large  angle  scattering,  however,  can 
move  a  particle  to  a  back-flowing  orbit,  which  effectively  causes  a 
reflection  of  particles  from  the  device  input. 

A  number  of  interesting  factors  arise.  The  potential  is  generic, 
in  the  sense  that  it  is  similar  in  form  not  only  to  the  devices  men¬ 
tioned  above,  but  also  to  the  sinusoidal  force  term  in  the  Josephson 
junction  devices18’19.  In  the  latter  case,  interaction  between  devices 
can  lead  to  a  parametric  pumping  of  the  potential  which  yields  period¬ 
doubling  bifurcations  and  chaotic  behavior.  The  system  (2)  is  not 
truly  generic  though,  as  the  set  (x,p)  are  not  proper  action-angle 
variables.  We  have  examined  the  behavior  through  potential  pumping, 
with  dissipation,  through  replacing  the  first  equation  of  (2)  with 


<Vi> 

’ - Typ  +  TF  sin(P.t  ) 

;X  non 


where  V0  is  the  set  of  Gaussian  potentials.  The  factor  Y  is  an  ef¬ 
fective  damping  factor.  In  Fig.  2,  we  plot  the  (F0,f>)  plane  results. 
The  curve  is  a  separatrix  below  which  a  stable  device  results.  Above 
the  curve,  the  device  is  unstable.  No  period-doubling  bifurcations 
within  a  single  device  are  found,  contrary  to18. 
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Figure  2.  The  separatrix  in  (F0,fl)  space  for  parametric  pumping  of 
the  device  of  Fig.  1.  For  values  <<f  (F0,n)  above  the 
curve,  electrons  are  ejected  from  the  device,  while  for 
values  below  che  curve  Che  device  is  stable. 


DEVICE  ARRAYS 

When  device  sizes  begin  to  shrink  toward  the  0.1pm  or  less  region, 
the  line-co-line  capacitance  in  dense  device  arrays  begins  to  dominate 
che  total  node  capacitance1*.  This  parasitic  capacitance  leads  to  a 
direct  device-device  interaction  outsicfe  of  the  normal  circuit  or 
architectural  design.  In  conventional  descriptions  of  LSI  circuics, 
each  device  is  assumed  to  behave  in  the  same  manner  within  che  total 
system  as  it  does  when  it  is  isolated.  In  the  dense  arrays  discussed 
here,  this  will  no  longer  be  che  case. 

The  possible  device-device  coupling  mechanisms  are  numerous  and 
include  such  effeccs  as  the  capacitive  coupling  mentioned  above,  but 
also  include  such  effects  as  wave  function  penetration  or  tunneling 
and  charge  spill-over.  Formally,  however,  one  may  describe  these 
effeccs  on  system  and  device  behavior  by  assuming  the  simplest  form, 
of  coupling.  Arrays  of  devices,  interacting  in  this  manner,  form  a 
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lateral  surface  superlatcice20*2*.  Lateral  superlattices,  in  which 
the  superstructure  lies  in  a  surface  or  heterostructure  layer,  offer 
considerable  advantages  for  obtaining  superlattice  effects  in  planar 
technology.  Uhile  a  surface  MOS  structure  is  formally  similar  to  an 
array  of  CCD  devices20*22,  superlattices  can  also  be  fabricated  through 
the  use  of  electron  and  ion  beam  lithography  and  selective  area  epi¬ 
taxial  growth2*.  If  the  coupling  is  capacitive,  then  the  limitation 
to  a  spacing  less  than  the  de  Broglie  wavelength  is  removed1*.  We 
have  examined  transport  in  such  lateral  surface  superlattices  (LSSL) 
through  a  Wigner  function  approach.  Before  proceeding,  however,  it 
is  worth  noting  that  the  circuit  theory  view  of  LSSLs4  is  generically 
that  of  cellular  automata23.  Many  of  the  image  processing  applica¬ 
tions  proposed  for  LSSLs24  arise  from  the  "games"  aspect  of  cellular 
automata2’. 

Superlattice  structures  give  rise  to  sinusoidal  energy  mini¬ 
bands  with  relatively  narrow  widths.  The  shape  of  such  bands  results 
in  interesting  electrical  transport  properties.  Lateral  surface 
superlattices  have  cosinusoidal  bands  in  two  dimensions,  with  the 
third  dimension  quantized  with  discrete  energy  levels. 

We  have  calculated  the  transport  properties  for  such  LSSLs  from 
a  Wigner  function  formulation.  A  complete  integral  equation  is  ob¬ 
tained  for  the  Wigner  function  and  must  be  solved  to  obtain  the  trans¬ 
port  coefficients26*27.  However,  the  form  of  the  solutions  can  be 
found  by  caking  the  average  velocity  and  energy  from  the  first  and 
second  moments  of  an  equivalent  Wigner  representation  of  the  trans¬ 
port  equation28.  A  constant  electric  field  is  applied  in  the  plane 
of  the  sinusoidal  bands.  For  simplicity,  a  constant  relaxation  time 
T  can  be  used.  Solving  these  two  equations  simultaneously  leads  to 
the  velocity  and  energy  as  functions  of  the  field29 

(2x/fiL)2eF  r 

<V  =  (£+<Et>  -  <Eo>)  1  ~(27eFz_T k)2  *  (4) 

<E  >  -  e  -  <E  > 

<E>  =  c  +  <Ejl>  +  !  +  (2lreFzT/fiL)*:  ’  (5) 

where  L  =  2ir/D,  D  is  the  LSSL  spacing,  e  is  one-half  che  band-width, 
and  <EQ>  and  <E1>  are  the  equilibrium  and  transverse  energies,  re¬ 
spectively. 

The  velocity  as  a  function  of  field  has  the  same  basic  analytical 
expression  as  that  obtained  by  Lebwohl  and  Tsu30  except  for  the  energy 
factor  in  front  of  the  expression  for  the  field.  The  difference  is 
in  effect  caused  by  the  different  equilibrium  distribution  choser.. 

In  the  latter  paper,  the  authors  assumed  the  initial  equilibrium  dis- 
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tribution  is  very  close  to  a  zero  temperature  Fermi-Dtrac  function, 
while  here  the  distribution  is  a  finite  temperature  Wigner  distribution 
and  includes  the  physics  of  the  energy  band  shape.  Mote  that  the 
velocity  as  a  function  of  the  electric  field  shows  the  negative 
differential  mobility  predicted  earlier  and  also  exhibits  the  general 
shape  expected  of  the  velocity-field  curve. 

To  more  exactly  illustrate  the  mobility  and  negative  differential 
conductivity,  we  have  carried  out  a  Monte  Carlo  calculation.  The 
scattering  processes  are  calculated  for  the  model  of  Iafrate  et  al.  , 
and  thus  are  for  the  system  of  GaAs/GaAlAs.  The  scattering  rates  for 
acoustic  and  polar  optical  phonons  have  been  obtained  using  a  two 
dimensional  density-of-states  for  cosinusoidal  energy  bands.  A  Van 
Hove  singularity  occurring  in  the  density-of-states  produces  a  sing¬ 
ularity  in  the  scattering  rate,  which  was  removed  by  Including  the 
self-energy  corrections  due  to  the  phonons  in  the  vicinity  of  the 
singularity.  The  widely-spaced  discrete  energy  levels  in  the  third 
dimension  allows  scattering  and  transport  in  that  direction  to  be 
neglected. 

In  this  surface  superlattice,  as  in  others,  the  conduction  band 
splits  into  subbands.  Here  the  lowest  energy  subband  was  nearly  flat. 
Therefore,  transport  dominantly  occurs  in  the  next  higher  minibands. 

The  satellite  valleys  and  next  subband  are  at  energies  of  0.2eV  and 
0.3eV,  respectively,  above  the  subband  considered.  Their  contribution 
to  the  transport  of  electrons  is  insignificant  since  there  are  no 
intermediate  energies  through  which  the  electrons  can  scatter  to  aid 
population  of  upper  bands. 

The  overall  transport  properties  of  this  system  are  calculated 
by  an  ensemble  Monte  Carlo  technique.  The  results  of  the  simulation 
are  the  velocity-field  curves  and  are  shown  in  Fig.  3.  The  lower 
curve  results  for  a  field  applied  along  one  of  the  (10)  basis  vectors 
of  the  square  lattice  array  of  cylinders  while  in  the  top  curve  che 
field  is  applied  along  -a  (11)  direction.  At  low  fields,  both  curves 
show  a  linear  region  as  expected  for  most  structures.  At  approxi¬ 
mately  8-10  kV/cn  the  curves  begin  to  bend  over  to  the  peak  near 
13  kV/cm.  As  the  field  is  further  increased,  the  velocity  begins  to 
decrease  and  for  this  model  continues  to  decrease  to  zero  as  che 
field  tends  to  infinity. 

In  summary,  transport  and  scattering  ir.  a  generic  surface  super¬ 
lattice  structure  exhibits  a  negative  differential  mobility  arising 
from  Bloch  oscillations31.  This  surface  superlattice  negative  dif¬ 
ferential  mobility  is  expected  to  be  useful  at  much  higher  frequencies 
than  that  due  to  the  conventional  Gunn  effect.  Alternatively,  related 
instabilities  nay  be  an  ultimate  limit  on  very  large  scale  integra- 
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FIELD  (kVAcm) 

Figure  3.  The  drift  velocity  (as  a  function  of  electric  field)  for 
a  LSSL  at  300  K.  The  GaAs/GaAlAs  model  of  ref.  21  has 
been  used. 
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ABSTRACT 

The  effects  of  boundary  scattering  in  submicron  structure 
transport  at  high  electric  field  strengths  are  investigated  in  the 
context  of  the  balance  equations  which  arise  from  the  Boltzmann 
transport  equation.  Integrated  balance  equations  are  presented  into 
which  surface  dissipation  can  be  inserted.  The  evaluation  of  the 
bulk  and  surface  dissipation  terms  in  the  balance  equations  requires 
knowledge  of  the  distribution  function.  L'e  calculate  this  by  in¬ 
troducing  scattering  boundary  conditions  appropriate  for  hot  elec¬ 
trons  and  apply  this  to  an  analytic  path-integral  solution  of  the 
high  field  Boltzmann  transport  equation.  The  latter  treats  lattice 
nr.d  electron-eleccron  scattering  approximately.  Ve  show  that  sur¬ 
face  scattering  strongly  perturbs  and  distorts  the  distribution 
function  with  corresponding  ef feces  on  the  transport  process.  The 
consequences  of  this  for  subraicron  device  technology  are  discussed 
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treat  transient  space  charge  effects,  etc.,  where  self-consistency 
is  important.  To  extend  this  approach  to  include  boundary  scatter¬ 
ing  effects  is  the  purpose  of  this  paper.  Inclusion  of  surface  dis¬ 
sipation  effects  is  handled  by  first  writing  the  balance  equations 
as  integrals  over  the  width  of  the  semiconductor  structure.  We  find 
it  useful  to  introduce  a  generalization  of  the  Fuchs  boundary  condi¬ 
tion  to  include  hot  electron  effects  on  the  distribution  function 
which  underlays  the  balance  equations.  With  this  boundary  condition 
we  find  an  explicit  solution  of  the  nonlinear  BTE  in  the  presence 
of  lattice  and  electron-electron  scattering  for  the  simple  case  of 
a  uniform  semiconductor  film.  The  distribution  function  near  a 
scattering  surface  is  shown  to  have  a  marked  velocity  gradient  which 
is  important  for  evaluation  of  the  scattering  terms  in  the  balance 
equations.  The  significance  of  surface  scattering  effects  for 
device  technology  is  briefly  discussed. 


BALANCE  EQUATIONS 

The  well-known  balance  equations2,3  for  energy,  momentum, 
and  particle  density  are 

^  <*>  +  1)7  ‘  <*->  "  <eI  '  =  [‘XjEL1  >-<>(£.)]>  d) 

where  W  is  the  bulk  scattering  rate,  $  stands  for  energy,  momentum 
component  or  unity,  and <> means  the  momentum  space  average  weighted 
by  the  distribution  function  f.  We  can  include  surface  scattering 
effects  Ws  after  integrating  (1)  across  the  semiconductor  struc¬ 
ture.  For  a  uniform  film  in  the  region  (-d/2s z  f  +  d/2)  in  a  uni¬ 
form  electric  field  F  we  then  gee 

z  <<t*>  -  Jiz  <eF  •  |^>  =  Jdz  <y<i3plW(£1,£)  j$(£*)  - 

-  (£)]>  +  <yd3plWs(j>|,£)  J^E1)  -  $(£)]>  (2) 

Evaluation  of  the  dissipation  terms  on  the  RHS  of  (2)  depends  on  the 
tore,  of  f,  which  we  must  investigate  from  the  BTE. 

SCATTERING  BOUNDARY  CONDITIONS  IN  HIGH  FIELD  TRANSPORT 

A  perfectly  ordered  interface  with  phonon  coupling  switched  off 
-ouid  provide*4  specular  reflection  and  no  size  effect  (in  spherical 
bancs),  i.e.  one  would  have  f(v+)  =  f(v_),  where  v~  and  v+  are  in¬ 
cident  and  specularly  reflected  velocities  at  a  boundary.  But, 
with  surface  disorder  and  phonon  coupling,  both  energy  and  r.onencum 
can  be  surface-dissipated:  this  will  affect  both  device  transit 
ci-e  and  noise  level.  To  handle  the  wide  range  of  surface  scattering 
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conditions  that  may  be  encountered  in  submicron  device  technology 
we  propose  the  use  of  the  following  boundary  condition  on  f: 

f(v+)  =  Pf(v”)  +  (1  -  P)f*  (3) 

in  which  P  is  a  Fuchs  type  of  specularity  parameter1*  which  indi¬ 
cates  roughly  the  fraction  of  incident  electrons  which  are  specu¬ 
larly  reflected,  and  (1  -  P)  indicates  the  fraction  scattered  into 
a  Maxwellian  distribution  f*,  characterized  by  some  temperature  T* 
and  quasi-Fermi  level  Ep.  This  boundary  condition  differs  from  the 
low  field  case  in  that  T*  and  Ep  can  differ  from  the  thermodynamic 
equilibrium  values  because  the  electrons  incident  on  the  boundary 
can  likewise  have  a  highly  nonequilibrium  distribution.  We  will, 
in  fact,  assume  chat  surface  scattering  mechanisms  are  inefficient 
in  relaxing  the  energy,  so  that  we  can  impose  the  two  conditions: 

mv2  f(v")  (4) 

Vz  f(v-)  (5) 

where  the  latter  condition  conserves  particle  number.  These  two 
conditions  are  sufficient  to  determine  T*  and  Ep.  (Note  that  the 
boundaries  are  planes  z  =  0  and  z  =  d) . 


Jd3v+  mv2  f(v+)  = 

^d3v+  v*  f(v+)  =  -  ^d3v~ 


HIGH  FIELD  BTE  SOr MTION  WITH  SCATTERING  BOUNDARIES 

We  will  be  able  to  apply  the  foregoing  scattering  boundary 
condition  to  the  solution  of  the  high  field  BTE  in  which  lattice 
and  (e,e)  scattering  are  handled  following  the  bulk  relaxation 
time  approximation  method  of  Keyes5.  The  BTE  is  then 
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The  corresponding  form  of  the  scattering  boundary  condition  is 


fL(v+)  =  pfi(v-)  +  a  -  p)  (r 


E) 


(9) 


(10) 


(ID 


In  contrast  to  che  low  field  case,  there  are  no  safe  linearizations 
to  be  made  in  (9).  Nevertheless,  an  analytic  solution  of  (8,  9  & 

10)  can  be  obtained  satisfying  the  boundary  condition  (11)  (with 
(4)  and  (5))  by  means  of  the  path  integral  method(  ’  ’  )  in  which  one 
makes  a  convective-derivative  transformation  of  (9)  to  a  coordinate 
system  moving  with  che  unscattered  electron.  In  the  present  high 
field  case  the  motion  includes  both  the  equilibrium  Hamiltonian 
H0  =  mv2/2  but  also  the  nonequilibrium  Hamiltonian  Hi«*-e$,  where 
F  *>  =  -3$/3£  is  the  large  driving  field.  In  that  trajectory  coord¬ 
inate  system  the  BTE  cakes  the  form  (x  is  the  direction  along  F) 


d£i 
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which  may  be  integrated  immediately  to  give 
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(13) 


Here  t  now  denotes  position  along  the  trajectory,  and  we  can  cake 
t  *  o  as  the  poinc  where  a  trajectory  emerges  from  a  boundary. 

Since  che  trajectory  is  not  that  of  equilibrium,  vx  varies  with  t 
according  to 

v..  =  v  -  eFt/m  (14) 

xo  — 
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and  there  are  corresponding  variations  in  T,  fe,  and  f.  To  get 
some  idea  of  the  resulting  form  of  f(t)  we  replaced  and  Tee  by 
constants  and  obtained 


fl<t>  “  (f 10  +  f2(t)>  «*P(-t/T) 


(IS) 
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With  this  solution  we  can  follow  fp  from  t  =  o  across  the  film  to 
td  =  <»/t|v2|,  reflect  it  by  means  of  (11),  integrate  back  again  to 
z  =  +d  and  use  (11)  again.  This  gives  us  the  explicit  form  of  the 
boundary  values  fp(v+)  and  fi(v“); 

fi(l  +  gP)  =  gf2d  +  g(l  -  P)(f*  -  fe>  (19) 

f{(l  +  gP)  =  gPf2d  +  (1  -  P)(l  +  2gP)  (f*  -  fe)  (20) 


where  g  =  exp-d/T|v2|,  ar.d  f2d  =  f2(t  =  d/T |  vz  | ) .  We  can  then  eval¬ 
uate  Tk  and  Ep  by  substitution  of  the  boundary  values  (19,20)  into 
the  energy  and  particle  conservation  conditions  (4)  and  (5).  The 
details  of  chis  will  be  given  elsewhere,  but  for  the  case  d/T<v->>l, 
i.e.  where  the  film  is  thick  enough  compared  to  the  total  mean  free 
path  to  approximately  decouple  the  two  boundary  effects,  one  gets 
the  two  conditions 
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kT*  x  kf  +  mv  /  2 ,  and  Kp/kT*  %  Kp/kT  (23) 

Now  T"  anti  Ep  can  be  determined  in  terms  of  v,  T,  and  Kp,  and  the 
approximate  form  of  f  used  in  the  dissipation  terms  of  the  balance 
equations  (2). 

It  is  interesting  to  sketch  out  the  contours  of  f  close  to  the 
scattering  boundary  at  z  =  -d/2,  shown  in  Fig.  1  for  a  film  wider 
than  the  mean  free  path.  The  incident  distribution  is  close  to  the 
drifted  Maxwellian  f.  while  the  reflected  distribution  contains  both 
a  drifted  Maxwellian  part  and  the  "thermalized"  component  i~ .  In 
this  figure  we  have  also  shown  a  typical  trajectory  integrated  over, 
in  (12). 

The  asymmetry  of  the  distribution  is  thus  quite  strong  in  a 
submicron  semiconductor  film  with  scattering  boundaries  of  the  type 
considered,  and  such  large  angle  scattering  may  be  expected  from 
interface  disorder"*.  There  are  then  two  coincident  electron  streams 
of  different  velocity,  and  one  may  expect  off-diagonal  or  viscous 
effects  as  well  as  noise  arising  from  turbulence.  Such  effects 
should  be  investigated  in  the  future  since  they  may  have  major  sci¬ 
entific  and  technological  significance. 


Figure  1.  Contours  of  the  electron  distribution  function  near 
a  scattering  boundary  in  a  high  electric  field  F.  A 
tvpical  crajectory  is  shown,  with  initial  (emergent) 
velocity  v0  terminating  at  y(tj)  at  the  intersection  with 
the  ocher  boundary:  tj  =  d/T|vj,|. 
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CONCLUSION 

Boundary  scattering  effects  have  a  significant  effect  on 
electrical  transport  in  submicron  structures,  particularly  at  high 
electric  field  strengths.  This  may  be  a  significant  consideration 
in  the  choice  of  material  systems  and  structures  for  submicron  de¬ 
vices.  Ordered  heteroepitaxial  interfaces  arc  likely  to  present 
significantly  less  transport  limitations  than  disordered  interfaces, 
such  as  Si/Si02. 

These  boundary  scattering  effects  may  be  treated  via  integrated 
balance  equations,  where  the  dissipation  terms  are  evaluated  using 
an  approximate  solution  of  the  high  field  BTE  together  with  suitably 
generalized  boundary  conditions  which  can  handle  hot  electrons. 

The  effect  of  surface  scattering  is  to  introduce  an  extremely  sharp 
assymmetry  in  the  electron  distribution  the  effect  of  which  on 
turbulence  and  noise  should  be  investigated. 
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The  role  of  boundaries  and  interfaces  on  the  electrical  characteristics  of  long  and  submicroa 
scale  compound  semiconductor  devices  is  discussed. 


1.  Introduction 

Theoretical  and  experimental  studies  of  compound  semiconductor  devices 
over  the  past  decade  have  demonstrated  that  conditions  at  the  device  boundaries 
are  the  most  important  determinant  of  the  operating  characteristics  of  the 
device.  Studies  in  long  two-terminal  gallium  arsenide  devices  (1],  indium 
phosphide  (2],  germanium  (3).  and  cadmium  sulphide  [4|  have  demonstrated 
that  conditions  at  or  near  the  contacts  control  the  current-voltage  relations 
and  the  electrical  characteristics  of  any  resulting  instabilities.  For  two-terminal 
devices  it  is  often  possible  to  correlate  the  pre-  and  post-threshold  device 
behavior.  For  three-terminal  devices,  most  interface  studies  have  focused  on 
the  role  of  the  layer  just  under  the  principle  region  of  electron  transport.  In  the 
case  of  gallium  arsenide  field  effect  transistors,  heterostructure  interfaces  have 
been  incorporated  with  the  object,  e.g..  of  confining  carriers  to  the  active 
region  in  the  case  of  a  heavily  doped  active  region.  (5.6|.  or  of  providing  a  sea 
of  carriers  in  a  nominally  undoped  region. 

In  near  and  submicron  scale  devices,  the  relative  importance  of  the 
boundaries  increases  as  these  regions  occupy  a  sizeable  fraction  of  the  device 
active  region  length.  3nd  the  up-  and  downstream  boundaries  begin  to  com¬ 
municate  with  each  other.  Controlling  these  boundaries  is  likely  to  be  the  most 
significant  task  o:  device  physics  studies  in  the  immediate  future  1  he  motiva¬ 
tion  for  this  outiook  is  based  upon  the  fact  that  transport  on  a  near  and 
scbmicron  scale  irv  oUes  nonequilibrium  effects  on  a  picosecond  time  frame, 
and  its  effectiveness  is  based  on  transport  by  high  mobility  carriers  I  bus. 
questions  such  a>  How  mans  carriers  are  injected  into  the  /”  valley  of  gallium 
arsenide,  and  with  what  enercs  and  velocity?  ”  enter  the  picture  prommantly 
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The  purpose  of  this  paper  is  to  highlight  the  effects  of  boundaries  on 
compound  semiconductor  devices,  particularly  gallium  arsenide.  In  doing  so. 
the  discussion  is  separated  into  two  parts:  (I)  the  role  of  boundaries  on  long, 
low  frequency  ( <  20  GHz)  gallium  arsenide  devices,  and  (2)  the  role  of  the 
boundary  on  high  frequency  near  and  submicron  scale  devices. 

For  long  devices  in  which  a  rich  body  of  experimental  work  exists,  a  review 
of  boundary  effects  is  given  in  terms  of  a  “pinned”  cathode  field  and 
“pinned”  cathode  current  model.  The  basis  for  these  models  is  the  notion  that 
contact  boundaries  may  be  phenomenologically  represented  as  either  tunneling 
or  thermionic  emission  dominated  regions,  with  a  varying  barrier  height.  The 
description  of  long  devices  assumes  that  all  picosecond  scale  transients  have 
occurred,  and  that  all  band  structure  population  statistics  are  adquately 
represented  by  steady  state  conditions. 

For  the  shorter  devices  it  is  the  short  time  transients  and  the  spatial  and 
temporal  transients  within  the  bands  that  are  calculated.  The  description 
requires  solutions  of  the  Boltzmann  transport  equation  and  resolution  on  the 
scale  of  a  fraction  of  a  bulk  mean  free  path  is  needed.  These  problems  are 
discussed  in  section  3  where  a  review  of  such  phenomena  as  velocity  overshoot 
is  given.  The  ability  to  attain  contact  and  boundary  effects  permitting  the 
realization  of  the  high  overshoot  speeds  in  devices  is  the  core  on  which  the 
studies  of  section  3  are  based. 

All  of  the  theoretical  studies  presented  arise  from  solutions  of  differential 
equations.  For  long  devices.the  “drift  and  diffusion"  equations  are  solved.  For 
short  devices,  moments  of  the  Boltzmann  transport  equation  are  solved.  In 
both  cases  true  contacts  are  represented  as  boundary  conditions  to  the  dif¬ 
ferential  equations.  Thus,  the  studies  illustrate  the  effects  of  the  contacts 
and/or  interfaces  on  device  behavior.  The  results  of  these  studies,  when 
successful,  tend  to  highlight  what  is  unknown  about  device  material  parame¬ 
ters.  For  the  case  of  long  devices,  it  is  the  cathode  boundary  condition  that  is 
unknown.  Here  the  sensitivity  of  the  results  to  varying  the  cathode  field 
identifies  the  significance  of  the  contacts  on  device  behavior  (1).  Similar 
sensitivity  studies  are  discussed  in  connection  with  solutions  of  the  Boltzmann 
transport  equation,  where  a  range  of  parameters  is  chosen  to  identify  the 
conditions  for  "injecting"  and  “blocking"  contacts.  A  sensitivity  analysis  of 
the  electronic  contribution  to  the  thermal  conductivity  is  also  included  as  its 
effects  are  dramatic. 


2.  Boundary  conditions  to  negative  differential  conducting  devices 

In  this  section  a  brief  renew  of  the  influence  of  boundaries  on  the  behavior 
of  NDC  devices  is  given.  Fig  I  displays  typical  boundary-dependent  data  from 
three  different  gallium  arsen.de  two-terminal  devices  (7|.  The  lower  portion  of 
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each  diagram  displays  current  versus  voltage  characteristics,  while  the  upper 
portion  shows  voltage  versus  distance  at  one  bias  point.  Fig.  la  shows 
measurements  for  a  device  in  which  the  metal  contacts  arc  far  removed  from 
the  active  region  of  the  device.  The  current-voltage  relation  is  relatively  linear 
until  a  point  where  current  oscillations  occur.  The  field  profile  just  prior  to  the 
oscillation  is  relatively  uniform  within  the  active  region  of  the  device,  and  is 
near  zero  at  the  ends  of  the  active  region.  Fig.  lb  represents  a  set  of 
measurements  in  which  the  metal  contact  abutted  the  active  region  of  the 
device.  The  current-voltage  characteristics  remained  linear  to  threshold  which 
again  was  manifested  by  a  current  oscillation.  Notably  different  here  is  the 
lower  average  Held  prior  to  the  instability  and  the  enhanced  voltage  drop  at  the 
cathode.  Fig.  1c  displays  results  for  another  device  with  a  metal  contact 
abutting  the  active  region.  For  this  case  there  is  a  sublinear  current  voltage 
characteristic  and  no  instability.  The  probed  voltage  versus  distance  shows  a 
large  voltage  drop  at  the  vicinity  of  the  cathode. 

The  electrical  characteristics  associated  with  fig.  I  have  been  described  as 
representative  of  “ohmic”  (fig.  la),  “slightly  blocking"  (fig.  lb),  and  “strongly 
blocking"  (fig.  Ic)  contacts.  One  of  the  earliest  models  employed  for  explaining 
these  results  assumed  a  “pinned"  value  of  cathode  electric  field  (1).  Other 
models  in  which  the  cathode  conductivity  [8]  or  doping  (9)  have  also  been 
suggested  with  varying  degrees  of  success.  The  “pinned"  cathode  field  model 
developed,  partially  as  a  consequence  of  the  way  the  governing  equations 
describing  current  instabilities  was  written.  Here  the  one-dimensional  differen¬ 
tial  equation  for  total  current, 

AT) d||  I  +«|£.  (I) 


was  rewritten,  using  Poisson’s  equation,  as 


J{T)  =  qS0V  +  i 


d'E 

tx'- 


V-) 


This  is  a  second  order  partial  differential  equation  requiring  two  boundary 
conditions  on  £(  X.  T  i  and  one  initial  condition.  In  the  above  J(  T)  represents 
current  density.  .V  is  carrier  densii>.  V  and  D  are  field  dependent  velocity  and 
diffusion. 

Solutions  to  eq.  <Ii  have  been  used  successfully  to  simulate  device  results 
similar  to  those  of  fig  1.  For  gallium  arsenide  in  which  the  threshold  field  for 
negative  differentia!  mobility  is  approximately  3.2  kV/cm  =  ETH.  qualitatively 
similar  results  occur  for  solutions  with  cathode  fields  falling  into  any  one  of 
the  following  three  groups:  0  <  f  ( .V  =  0.  T)  i  ^  E[  X  =  0.  7  )  <  4 

(|.  £<  X  =  0.  T j  >  a  £th.  The  simulations  with  pinned  fields  falling  in  either 
group  I.  2  or  3  yield  electrical  characteristics  similar  to  those  of  tigs  la.  lb  and 
Ic.  respectively .  The  crucial  feature  of  this  model  is  that  the  cathode  field  is 
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pinned,  necessitating  (hat  any  instabilities  in  current  occur  at  a  critical  value  of 
current  density.  The  field  profiles  associated  with  cathode  fields  in  the  range 
0  <  £(  X  «  0.  T)  <  £tii.  and  £TH  <  £(  X  —  0,  T)  <  4  £TII  are  sketched  in  figs. 
2a  and  2b  respectively.  For  reference,  a  velocity  field  curve  with  velocity  scaled 
to  current  as  qNaV(E)  =  Jn(E),  and  with  a  region  of  negative  differential 
mobility  is  also  included.  Fig.  2  is  understood  as  follows:  The  second  column 
of  each  section  shows  the  electric  field  versus  distance  profiles.  E(  X)  begins 
with  a  value  £c  at  the  cathode  and  extends  downstream  to  a  value  £h.  By 
current  continuity,  the  current  everywhere  within  the  device  is  given  by 
J  ■=  qNV(Eh).  For  J  <JK(EC),  a  region  of  charge  depletion  forms  near  the 
cathode  for  £c  below  and  within  the  region  of  negative  differential  mobility 
(NDM).  Increasing  the  current  until  J  =Jn(Ec)  introduces  charge  neutrality 
everywhere  for  £c  <  £TH.  However,  because  £  is  a  double  valued  function  of 
K  for  £c  within  the  NOM  region,  approximate  charge  neutrality  exists  near 
the  cathode  for  J  <  /„( Ec ),  and  for  regions  sufficiently  far  downstream  from 
the  cathode.  Charge  neutrality  breaks  down  between  these  two  regions.  Finally, 
for  J  >Jn(Ec)  an  accumulation  layer  forms  near  the  cathode.  For  fig.  2a,  the 
accumulation  layer  is  stable  until  the  bulk  field  exceeds  £TH.  For  fig.  2b,  the 
accumulation  layer,  followed  downstream  by  (he  depletion  layer,  is  often 
unstable  and  leads  to  cathode  originated  instabilities  [10]. 

The  situation  corresponding  to  fig.  1c  is  often  represented  by  very  high 
cathode  fields.  The  field  profiles  are  those  appropriate  to  a  wide  region  of 
charge  depletion  near  the  cathode.  The  profiles  are  electrically  stable. 

The  characteristic  feature  of  these  nonuniform  field  profiles  is  that  their 
structure  is  significantly  affected  by  the  field  being  a  double  valued  function  of 
velocity.  The  pinning  of  the  cathode  field  is  not  necessarily  common,  however, 
to  all  semiconductor  devices.  For  example,  it  was  also  applied  to  InP  devices, 
where  it  worked  for  a  significant  number  of  cases.  However,  a  broad  class  of 
device  behavior  could  not  be  accounted  for  through  its  use  [2].  These  devices 
showed  anomalously  high  efficiency  and  significantly  low  DC  current  levels. 
Spontaneous  Gunn  type  oscillations  did  not  occur.  Rather,  device  operation 
required  a  tuned  circuit.  The  details  of  the  oscillation  were  thought  to  depend 
critically  on  the  cathode  boundary'  condition,  which  in  this  case  was  taken  as  a 
fixed  cathode  conduction  current  (10. 1 1). 

The  distinction  between  “pinned"  cathode  field  and  "pinned"  cathode 
conduction  current  is  placed  in  perspective  in  fig.  3  and  in  the  following 
equation 

AT)-Jr<E.  )'<%■ 

Eq.  (3)  is  the  equation  for  total  current  through  the  boundary  to  the  device, 
y  (£  )  represents  the  current-field  relation  at  the  cathode  (12]  which  nun  be 
expected  to  differ  from  that  of  the  semiconductor  device.  Two  such  types  oi 
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Fig.  3.  Cathode  conduction  current  curve  for  an  approximately  "pinned”  cathode  Field,  curve  A; 
and  pinned  cathode  conduction  current  (at  high  Field  Fields),  curve  B.  Curves  are  obtained  from  cq. 
(4).  Also  shown,  for  reference,  is  the  neutral  current  versus  Field  curve  for  GaAs.  From  ref.  [10J, 
with  permission. 


curves  are  represented  by  curve  A  and  curve  B  of  fig.  3.  Curve  A  is  closely 
related  to  the  pinned  cathode  field  model  while  curve  B  is  associated  with  the 
pinned  cathode  current  model.  The  similarity  in  “form"  of  curves  A  and  B  to 
moderate  barrier  height  tunneling  and  thermionic  emission  dominated  con¬ 
tacts  is  deliberate  (10).  and  the  equation  used  to  arrive  at  these  curves  is  shown 
below 


JA  E<)  =  -v[  «p| 


nkr 


(4) 


which  was  adapted  from  studies  on  the  unalloyed  metal/semiconductor  con¬ 
tact  ( I  ?).  Its  use  here  presumes  a  similar  description.  For  the  unalloyed  contact. 
it  is  the  ideality  (actor  and  describes  the  contact  as  dominated  by  thermionic 
emission  (n  =  l)  or  by  tunneling  (n  »  1).  J„  is  tire  reverse  current  flux  and 
may  be  related  to  the  barrier  height  phenomenologically  through  the  Richard¬ 
son  equation  (10). 

Detecting  a  particular  contact  effect  on  a  device  is  a  difficult  procedure  For 
long  devices  current  voltage  characteristics  a>  represented  by  tig  1  are  often 
signature*  of  a  contact  classification.  For  short  devices  proximity  effects 
introduce  an  additional  complication  and  current-voltage  measurements  are 
le>>  valuable.  One  type  of  measurement  which  ma\  >crvo  to  provide  informa¬ 
tion  about  the  boundarv  :■>  a  noise  measurement 

Here  the  valuation  to  enviMon  i>  that  if  t ho  field  i'  pinned  within  the 
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negative  differentia!  mobility  region,  increasing  the  bias  will  result  in  an 
increase  in  the  length  of  the  NDM  region.  Any  fluctuation  will  sustain 
enhanced  amplification  and  the  noise  will  increase.  If  increasing  the  bias 
resulted  in  carrier  injection  into  the  device,  the  Held  at  the  cathode  is  likely  to 
decrease  with  increasing  bias  and  the  noise  is  expected  to  decrease.  While  these 
results  should  be  folded  in  with  the  field  dependence  of  velocity  and  diffusion, 
a  simple  analytical  noise  calculation  assuming  a  three  piece  linear  approxima¬ 
tion  to  represent  GaAs  has  been  performed  [14]. 

In  this  calculation,  the  “impedance  field  method"  ( IS)  is  applied  to  calculat¬ 
ing  noise  due  to  thermal  velocity  fluctuations  amplified  within  the  device.  The 
mean  squared  noise  voltage  per  unit  band  width  (IS)  is  computed. 

(  “  4<?,/jVZ|1  ND  d(vol)'  (5) 

where  VZ  is  the  impedance  field  vector  (15).  The  calculation  is  performed  for  a 
10  pm  long  element  with  a  doping  of  I0,s/cm\  The  element  sustains  the  field 
profile  of  fig.  2b  where  it  is  seen  that  the  NDM  region  increases  with 
increasing  bias.  The  calculations,  which  are  discussed  in  detail  elsewhere.  (14) 
are  expressed  in  terms  of  the  noise  figure  (16): 


1 

4  VI  R\' 


(6) 


where  R  is  the  real  part  of  the  device  impedance.  The  results  of  the  calculation 
are  displayed  in  fig.  4.  where  the  noise  figure  is  sketched  as  a  function  of  bias 
current  and  transit  angle.  The  results  appear  as  a  signature  of  the  effects  of  the 
cathode  boundary.  First,  at  low  values  of  transit  angle  0  =  uT(A ).  where  T(A) 
is  the  transit  time  across  the  negative  differential  mobility  region,  the  noise 
figure  increases  with  increasing  bias.  This  corresponds  to  an  increase  in  the 
length  of  the  negative  differential  mobility  region  and  enhances  amplification 
of  any  fluctuation  originating  there.  More  interesting  structure  is  present  at 
higher  frequencies  and  higher  bias  where  the  noise  figure  increases  and  then 
shows  a  singularity.  On  the  other  side  of  the  singularity  there  is  a  "U"-shaped 
region  ending  again  31  a  singularity.  The  strong  increase  in  noise  figure 


represents  the  approach  of  |  /?(  ==>  0  Here,  at  low  frequencies,  the  real  part  of 
the  impedance  is  positive,  and  becomes  negative  at  frequencies  somewhere 
between  er  <  6  g  2r.  In  going  front  positive  to  negative  values  it  passes  through 
zero,  hence  the  singularity.  The  frequency  range  for  small  signal  negative 
resistance  increases  with  increasing  bias  (10)  reflecting  the  broadening  of  the 
negative  differential  mobility  regions  -  a  broad  "L  "-shaped  region  appears, 
both  the  increasing  noise  figure  ai  low  frequencies,  and  the  "U"-shaped  region 
a:  high  frequencies  are  characteristics  of  an  increasing  depletion  layer  width. 
Note  that  increassn.z  the  bias  still  further  will  result  in  an  electrical  instability 
;!')) 


■nmnn 


wreww 


tmiWWW  WlWUfflUWMttlWWlWttM  W  yMW  iimmwi.'vyyvi  vmjnutwjaiu-^www 


602  H.L  Gnhtn.  J.f.  Krnkootky  /  High  speed  compound  semiconductor  drones 


transit  angle,  e 

Fig.  4.  Noise  figure  versus  transit  ingle  *nd  normalised  bias  current  j  -  -fb/N0rl'p.  for  a  10  pm 
long  element  with  a  depletion  layer  profile.  From  ref.  [14],  with  permission. 


3.  Electron  transport  in  near  and  submicron  devices:  the  role  of  the  boundaries 

The  discussion  of  the  above  sections  dealt  with  devices  whose  lengths  were 
typically  10  /im  long  or  longer.  Transport  for  these  devices  is  generally 
discussed  though  use  of  the  drift  and  diffusion  equation  (eq.  (I)).  For  near  and 
submicron  length  devices  electron  transfer  is  generally  not  complete  until  a 
substantial  fraction  of  the  device  has  been  traversed.  Consequently  the  drift 
and  diffusion  description  is  inadequate  and  solutions  to  the  Boltzmann  trans¬ 
port  equation  are  required. 

For  two  level  transfer  in  GaAs  the  steady  state  velocity  field  curve  for 
carriers  in  the  central  and  satellite  valleys  are  shown  in  fig.  5.  where  the  net 
velocity  V  is 

J'=A|ri+A\l;.  (7) 

Here  the  subscript  1  denotes  transport  in  the  central  valley  (T  valley  for  GaAs) 
and  the  subscript  2  denotes  transport  in  the  satellite  valley.  Most  device  design 
is  concerned  with  controlling  the  time  spent  by  the  numbers  of  carriers  in 
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in  valleys  I  or  2:  and  circuits,  interfaces  or  contacts  are  sought  which  will  allow 
for  this  control.  Solutions  to  the  Boltzmann  transport  equation  which  provide 
the  required  nonequilibrium  transport  behavior  are  obtained  by  a  number  of 
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Fig.  5.  Steady  state  velocity  versus  field  curves  for  T  and  satellite  valleys  for  gallium  arsenide. 
From  ref.  |22|.  *  i  t  h  permission. 


different  techniques,  the  most  familiar  of  which  is  the  Monte  Carlo  method 
(17],  Other  methods  include  the  Rees  iterative  technique  {IS]  and  balance 
equation  solutions  (19],  which  are  considered  below. 

The  balance  equations  discussed  below  are  the  first  three  moments  of  the 
Boltzmann  transport  equation.  They  form  a  subset  of  the  infinite  hierarchy  of 
moment  equations,  and  as  such  do  not  form  a  closed  set  of  equations.  Each 
equation  introduces  a  higher  order  moment  not  defined  by  the  given  set  of 
equations.  The  most  common  form  of  the  balance  equations  is  obtained  by 
assuming  a  distribution  function  of  the  form 
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for  each  species  ».  More  generally  (20J 

^“j1  +i4‘  344  +  3*4  3  Ut  *Al,m  BUk  W,  Wm  +  ')  f"'  *  <9) 

where  it  is  insisted  that  the  first  term  in  the  expansion  gives  the  correct  local 
values  of  density,  velocity  and  energy.  The  coefficients  in  the  above  expansion 
arc  inversely  proportional  to  density  and  arc  model  dependent.  The  first 
correction  to  the  local  equilibrium  balance  equtions,  the  so-called  hydrody¬ 
namic  approximation  yields 

bp  i  /  a p  \ 

-gf+V -(*'/»)=  ~cN,F~  grad  N, k0rt ,  div o'  | -t-  (•^)[.  (11) 

|-  If;  +  V  -  vy/,  =  -eNtF‘  V,  -  V  -  -  d*v  o'  X  V, 

of  _ 

+  div(s  grad  t()  +  |^fj  ( *2) 

where  r(  is  an  electron  temperature, 

P.  -  +  l*M). 

a  is  a  stress  tensor  arising  from  nonunifornt  velocity  distributions,  and  k  is  the 
thermal  conductivity.  The  stress  term  is  dissipative  in  that  when  a  nonuniform 
velocity  distribution  is  impressed  on  an  electron  stream,  there  will  be  reactive 
forces  tending  to  smooth  them  out.  At  this  point,  however,  these  terms  are 
regarded  as  phenomenological  entries. 

The  boxed  terms  above  represent  contributions  from  the  nonspherical 
nature  of  the  distribution  function.  These  contributions  have  not  been  included 
in  evaluating  the  collision  integrals,  i.e..  (...)<wll  but  will  be  discussed  in  a 
future  paper.  The  collision  integrals  are  discussed  in  ref.  (21}.  The  underlined 
and  boxed  terms  are  ignored  in  the  drift  and  diffusion  approximation. 

Under  uniform  field  conditions  the  mean  response  of  carriers  to  a  sudden 
change  in  electric  field  is  shown  in  fig.  6.  The  high  peak  velocity  is  a 
consequence  of  carriers  being  retained  in  the  V  valleys  for  time  duration 
upwards  of  0.2  ps  before  undergoing  transfer  to  the  upper  valleys.  The  peak 
velocity  in  fig.  6  is  extremely  high.  It  represents  an  upper  bound  on  the  carrier 
velocity  that  may  be  expected  at  tins  field  and  provides  the  motivation  for 
designing  boundaries  that  permit  achievement  of  these  values. 

The  peak  velocity,  however,  is  sensitive  to  bias  rise  time  and  hints  at 
problems  to  be  addressed  m  designing  appropriate  device  boundary  condi¬ 
tions.  See  fig  7.  Furthermore,  because  a  finite  time  in  required  for  carrier  to 
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TIME  (pt) 

Fig.  6.  Transient  velocity  versus  time,  for  electrons  subject  to  a  sudden  change  in  field  of 
magnitude  27  IcV/cm.  From  ref.  (22].  with  permission. 


transfer  into  subsidiary  portions  of  the  conduction  band,  on  a  near  and 
submicron  scale,  the  velocity  field  characteristics  are  expected  to  be  length 
dependent.  See  fig.  S.  Thus,  near  and  submicron  devices  will  categoricallv  be 
sensitive  to  both  boundary  effects  and  device  length,  neither  of  which  will  be 
independent  of  the  other. 

Figs.  5  to  8  are  signatures  of  high  speed  submicron  transport.  What  are  the 
consequences  for  device  behavior?  Can  a  suitable  set  of  contact  or  interface 
conditions  be  found  to  achieve  high  speeds  associated  with  overshoot?  While  a 
detailed  study  on  a  scale  similar  to  that  for  long  devices  is  not  yet  available, 
some  results  are  known.  We  discuss  these  below  for  a  collection  of  2  uni  long 
devices,  essentially  undoped.  /V0  =  5  x  lO^/cnv.  each  subjected  to  a  bias  of  2 
V.  These  one-dimensional  studies  are  in  steady  state,  i  e..  d/dT  =  0.  and  are 
subjected  to  the  following  cathode  boundary  conditions: 


Fie  S  fc.ui  \ tflvVil>  of  carrier*  at  the  terminus  of  a  device  of  specified  length,  and  indicated  value 
o:  electric  field  Carrier*  enter  uuh  zero  velocn>  and  are  subject  to  a  sudden  change  in  field  From 
ref  |23|.  *nh  permi»ion. 
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For  A  positive  (negative)  local  charge  accumulation  (depletion)  occurs  at  the 
cathode  boundary.  B  is  generally  greater  than,  or  equal  to.  300  K  and  is  a 
measure  of  the  mean  thermal  energy  of  the  / -valley  carriers.  As  in  section  2. 
the  results  are  placed  into  three  categories,  “ohmic”,  “slightly"  and  “strongly” 
blocking  contacts.  The  “ohmic”  results  arc  shown  in  fig.  9. 

For  “ohmic”  boundaries  an  appropriate  set  of  constants,  with  ref.  (I9|.  arc: 
A  =  0.2.  pt  =  12.000  cm!/V  •  s.  and  t,  =  300.  For  this  case  carriers  enter  the 
device  with  speeds  greater  than  that  associated  with  the  central  valley  mobility. 
Consequently  there  is  an  accumulation  of  carriers  at  the  boundaries,  resulting 
in  low  values  of  cathode  field.  The  Held  starts  off  at  nearly  I  kV/cm  and 
approximately  2500  A  must  be  traversed  before  significant  transfer  occurs. 
Increased  transfer  results  in  a  lowering  of  the  mean  carrier  velocity,  necessitat¬ 
ing  an  increase  in  mobile  charge  as  the  anode  is  approached.  The  average 
velocity  across  this  device  obtained  from  the  relation 

(17) 

is  =  1.78  X  107  cm/s,  with  N0  =  5  X  10l5/cm3.  The  advantage  of  overshoot 
is  not  fulfilled  by  this  contact  device  length  configuration. 

Lowering  the  cathode  mobility  to  a  value  below  that  associated  with  the  T 
valley  results  in  a  more  rapid  dispersal  of  carriers,  and  cathode  adjacent  charge 
depletion,  associated  with  slightly  blocking  contacts,  occurs.  This  is  seen  in  fig. 
10  for  A  *=  -0.1 1.  *=  6000  ctur/V  ‘  s»  and  Ti  “  300  K.  It  is  noticed  that  the 

cathode  field  for  this  case  is  approximately  4  kV/cm.  which  is  higher  than  that 
associated  with  the  “ohmic”  contact  condition  of  fig.  There  are.  however, 
important  similarities  between  figs.  9  and  10.  In  both  cases  the  carriers 
adjacent  to  the  cathode  are.  for  all  practical  cases.  T-valley  electrons.  Very  little 
transfer,  which  is  determined  by  carrier  energy  (temperature),  has  occurred.  In 
addition,  sufficiently  downstream  from  the  cathode  the  carriers  appear  to  be 
ignoring  the  cathode  condition  and  are  dominated  by  the  downstream  voltage 
drop,  whose  spatial  distribution  is  about  the  same  for  both.  The  average 
velocity  (or  this  case  is  l/lt  =  1.75  x  107  cm/s.  slightly  below  that  of  fig.  9. 

A  significant  change  occurs  when  the' mean  energy  of  the  /'-valley  entering 
carriers  is  elevated.  For  the  parameters  of  fig  10.  but  with  t,  =  1200  K.  a 
substantial  amount  of  transfer  occurs  at  the  cathode,  resulting  in  a  lowering  of 
the  current  through  the  device.  The  cathode  field  is  approximately  7  kV/cm. 
higher  than  that  associated  with  fig.  10.  and  the  downstream  field  is  lower  (see 
; i ;  ll )  The  average  velocity  of  the  carriers  in  this  case  is  lowered  to  1 .28  X  10 
cm/s.  even  thouah  the  central  vallev  carriers  are  traveling  at  higher  speeds  (see 


The  presence  of  moderately  high  cathode  field.'  is  attractive  if  a  sufficient 
number  of  carriers  can  be  retained  in  the  central  valley  where  they  can  sustain 
Inch  transit  velocities.  While  this  case  is  discussed  m  more  detail  below,  the 
simple  ruse  of  injecting  excess  carriers  into  a  dev  ice  with  the  contact  conditions 
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DISTANCE  (microns) 


INSTANCE  (microns) 

F.i  II.  As  in  fig  9.  but  with  j»c  -  6000  cm  :/v  •  s.  A  =  —0.11  and  R  =  1 200  K 


when  compared  to  fig.  11.  In  this  case  f  j,  =  1.30  X  I0;  cm  s 

The  situation  of  a  Strongly  blocking  contact  is  illustrated  in  fig.  13  for 
,-t  =  9.0.  p  =  1000  cnr/V  •  s,  and  T  =  3000  K..  For  this  case  virtually  all  carriers 
are  swept  away  from  the  cathode,  with  the  satellite  valley  carriers  accounting 
for  most  of  the  transport  in  the  transition  region.  The  cathode  field  is 
extremely  high,  approaching  60  kV/cm.  The  average  velocity  is  approximately 
aero. 

The  above  results  focus  attention  on  the  role  of  the  upstream  boundary  jn 
the  distribution  of  charge  near  the  interface.  The  results  are  more  general  than 
th.ose  obtained  using  the  steady  state  field  dependent  velocity  relation,  espe¬ 
cially  in  identifying  the  fact  that  electron  transfer,  even  in  the  ruse  o[  partially 
him  kins  contacts,  may  not  occur  until  some  point  downstream  from  the 
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Fig  13.  As  in  fig  9.  but  «ilh  p€  -  1000  err /V  s.  A  =  -90  and  B  -  3000  k 


cathode  contact.  The  implication  of  this  is  that  the  detailed  role  of  the  contact 
in  controlline  current  instabilities  may  need  generalization.  On  another  matter, 
it  is  apparent  that  the  advantages  of  velocity  overshoot  are  absent  from  the  2 
it  m  long  calculation.  The  reason  for  this  is  direct:  the  carriers  have  traversed  a 
path  of  sufficient  length  to  exceed  the  threshold  energy  for  electron  transfer.  In 
this  case  electron  transfer  re>ults  in  velocity  saturation  and  currents  ap¬ 
propriate  to  the  steady  stale  parameters.  Thus,  while  a  blocking  contact  mav 
be  expected  to  vield  high  entrance  velocities  for  one  species  of  carriers,  electron 
transfer  prevents  a  large  fraction  of  these  carriers  from  enjoying  '->•  speed 
advantage  The  message  here  i-  that  a  forgiving  contact  is  useful  or.lv  when 
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coupled  to  an  appropriate  device  design.  Within  the  framework  of  the  dis¬ 
placed  Maxwellian,  improvements  in  device  structure  arc  synonymous  with 
values  of  electron  temperature  that  are  below  that  required  for  electron 
transfer. 
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fii  |.i  (a)  Doping  distribution  for  N-N  '  -N  device  Hu'  I  V  .  and  conditions  at  the  cathode 
boundary  are  a>  in  fii  9  (b)  (ilectnc  field  divtnbution 
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One  way  of  reducing  the  electron  temperature  is  simply  to  go  to  shorter 
device  structures,  and  recent  results  for  gallium  arsenide  at  room  temperature 
suggest  that  device  structures  not  greater  than  0.25  pm  may  be  required.  A 
structure  that  has  recently  been  discussed  within  the  framework  of  near  and 
submicron  devices  is  the  N-N'-N  structure  shown  in  fig.  14.  litis  structure 
has  four  interfaces  to  contend  with.  The  most  significant  aspect  of  this 
structure  is  that  it  introduces  an  abrupt  change  in  field  at  the  N-N  '  interface, 
which  tends  to  emphasize  overshoot  contributions.  The  detailed  input  to  this 
calculation  is  as  follows.  The  N  region  is  doped  to  5  X  I0l5/cnv'  with  the  N~ 
region  an  order  of  magnitude  less  in  doping.  For  this  device  the  cathode  ohmic 
conditions  of  fig.  9  were  imposed,  and  an  average  field  of  5  kV/cni  was 
imposed.  We  note  that  over  a  distance  of  approximately  1.0  pm  there  is  very 
little  electron  transfer.  Current  is  carried  mainly  by  F -valley  electrons  whose 
carrier  velocity  peaks  near  6  X  107  cm/s,  showing  substantial  overshoot.  The 
electron  temperature  for  this  calculation  is  shown  in  fig.  15,  and  is  reasonably 
low.  Vtv  for  this  case  is  1.3  x  107  cm/s. 

The  results  of  this  calculation  are  very  encouraging.  However,  they  are  not 
solely  a  consequence  of  structural  device  changes.  The  retention  of  T-valley 
electrons  in  the  fig.  15  calculation  is  a  consequence  of  using  an  electronic 
thermal  conductivity  appropriate  to  5  x  10l5/cm''  through  the  Wiedemann- 
Franz  ratio.  A  reduction  in  electronic  thermal  conductivity  results  in  steeper 
gradients  in  electron  temperature.  Fig.  16  shows  results  for  a  value  of  thermal 
conductivity  in  which  substantial  transfer  occurs  within  0.5  pm  of  entry  into 
the  N  "  region.  The  average  current  has  dropped  to  6.5  X  IQ6  cm/s.  The  first 
set  of  results  which  virtually  eliminate  transfer  must  be  regarded  as  an  upper 
bound  on  current,  whereas  the  second  set  is  a  lower  bound.  Actual  d-  vice 
results  are  likely  to  fall  between  the  two.  One  important  measurement  likely  to 
provide  significant  information  is  whether  a  I  pm.  I  O' '/cm'  element  will  show 
small  signal  gain. 

Returning  to  the  boundary  conditions,  there  are  several  points  to  be  made. 
First,  there  is  a  clear  indication  as  to  the  procedures  necessary  for  generating 
an  entire  set  of  "ohmic"  and  blocking  contacts.  It  is  not  likely,  however,  that 
the  boundary  prescriptions  of  figs.  9  to  13  are  unique,  other  sets  of  conditions 
can  be  envisioned  to  yield  similar  results  under  DC  conditions.  Distinguishing 
between  different  boundary  condition  effects  will  come  from  time  dependent 
studies.  The  question  then  is:  "How  model  dependent  are  the  results'’" 

The  governing  equations  are  derived  starting  from  the  condition  of  a 
displaced  Maxwellian,  which  assumes  strong  electron-electron  interaction. 
Bound.irx  scattering  is  likeiv  to  substantially  alter  this  interaction  -  near  the 
boundary  (25)  Results  that  appear  to  be  model  independent  are  those  associ¬ 
ated  with  the  entrance  velocity  If  central  valley  carriers  enter  with  speeds 
greater  (less)  than  that  dictated  bv  equilibrium  band  structure  con-adorations, 
carrier  accumulation  (depletion)  will  occur. 
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Fig.  17.  Representation  of  spatial  dependence  of  current  flow  through  two  level  device  as  a  serial 
chain  of  parallel  elements.  The  first  subscript  in  each  element  represents  current  through  the 
central  valley  I  or  satellite  valley  2. 


Another  point  worth  raising,  particularly  with  regard  to  the  absence  of 
overshoot  in  figs.  9  to  13.  is  the  fact  that  for  at  least  half  of  these  devices  the 
space  distributions  were  in  steady  state  equilibrium  with  results  similar  to  those 
of  the  drift  and  diffusion  equations.  While  going  to  shorter  device  lengths  does 
not  necessarily  prevent  this  from  occurring  {26],  the  length  dependence  has  not 
been  explored. 

The  results  of  figs.  9  to  13  also  suggest  that  transport  in  a  multivalleyed 
system  may  be  controlled  by  one  of  the  valleys.  In  the  above  examples,  control 
is  by  the  central  valley;  satellite  valley  boundary  conditions  are  relatively 
benign.  To  see  the  reasons  for  this  it  is  necessary  to  turn  to  fig.  17,  which 
represents  current  flow  through  the  nonlinear  elements  as  a  linear  chain  of 
parallel  resistors.  In  this  figure 

4  =  4.4.  <=1.2 . N, 

4  =  4,4.  ‘=1-2 . N. 

The  voltage  across  element  i  is  FtA  X.  Thus  if.  e.g..  the  T  valley  in  element  1 
sustains  a  net  carrier  density  below  the  background,  it  will  have  a  higher 
resistance  and  voltage  drop  than  an  element  with  a  density  closer  to  back¬ 
ground.  This,  of  course,  is  consistent  with  the  results  of  fig.  1 1  and  suggests 
that  the  portion  of  the  conduction  band  with  boundary  conditions  most 
strongly  departing  from  the  uniform  field  conditions  will  be  the  dominant 
boundary  condition. 

The  contact  boundary  conditions  discussed  in  figs.  9  to  13  address  only  a 
small  part  of  the  problem.  It  is  certainly  unrealistic  to  assume  that  undesirable 
departures  in  doping  will  be  absent.  A  simulation  of  a  nominally  I  O' '/env* 
doped  device,  with  a  10^  decrease  in  doping  over  a  distance  of  1000  A,  is 
shown  in  fig.  IS  The  distortion  in  electric  field,  for  the  set  of  boundary 
conditions  listed  in  the  caption,  is  such  as  to  prevent  any  real  overshoot  from 
occurring. 

The  above  results  which  reflect  the  influence  of  space  charge  on  transport  in 
devices  should  be  compared  to  uniform  field  calculations  to  indicate  the  goals 
that  perhaps  should  be  taken  for  some  device  structures.  Fig.  19  displays 
vebvity  versus  distance  curves  for  electrons  subiected  tv)  a  sudden  value  of 
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electric  field.  In  this  case  the  energ\  of  the  entering  carriers  is  just  below  that 
required  for  electron  transfer.  It  is  seen  that  moderate  values  of  electric  field 
are  necessary  to  sustain  high  transit  velocities.  In  fig  20  the  dependence  of 
transit  velocity  on  entrance  energs  is  calculated.  It  is  seen  that  there  is  a 
window  for  hiah  transit  velocities,  and  it  is  this  velocitv  level  that  is  souaht. 
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VELOCITY  VERSUS  DISTANCE  VERSUS  ENTRY  ENERGY 


©STANCE  (A) 

Fie.  20.  Velocity  versus  distance  for  electrons  with  varying  entrance  energies,  subject  to  a  sudden 
change  in  electric  field.  From  ref.  (27).  with  permission. 


4.  Summary 

The  experimental  situation  is  such  that,  with  the  exception  of  long  com¬ 
pound  semiconductor  devices,  there  are  very  few  data  on  the  role  of  boundaries 
and  contacts  to  submicron  devices.  The  reason  for  the  paucity  of  data  lies  in 
the  fact  that  most  submicron  devices  are  three  terminal  device  designs  and  the 
third  terminal  tends  to  mask  the  role  of  the  contact  boundaries.  This  is 
extremely  unfortunate  since  it  is  likely  that  two  terminal  device  measurements 
•w!l  indicate  what  can  be  achieved  in  controlling  the  entrance  dynamics  of  the 
earners  To  date,  most  two  terminal  device  measurements  on  simple  device 
structures  have  concentrated  on  the  role  of  transport  within  the  device,  and 
rai<e  the  question  of  whether  ''ballistic"  motion  is  possible  ( 28 1  Based  on  the 
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history  of  vacuum  tube  dynamics  (29)  it  should  be  recalled  that,  if  transport  is 
ballistic,  the  electrical  characteristics  will  be  controlled  by  the  contacts. 

The  situtation  in  submicron  devices  is  further  complicated  by  communica¬ 
tion  between  the  up-  and  down-stream  contacts.  Thus  it  may  be  expected  that 
the  influence  of  a  blocking  contact  on  the  electrical  characteristics  of  long  and 
submicron  devices  will  be  different.  For  submicron  devices  simple  current 
voltage  measurements  may  be  rendered  useless  as  a  diagnostic  tool.  This  is 
certainly  not  the  case  in  long  devices. 

The  role  of  numerical  simulations  in  these  boundary  and  device  studies  has 
been  to  act  as  surrogates  for  measurements  that  are  not  feasible.  In  one  case, 
obtaining  cathode  boundary  fields  from  measurements  was  not  possible.  Thus 
for  long  devices  the  sensitivitiy  of  the  numerical  results  to  numerical  changes  in 
the  boundary  conditions,  when  coupled  to  experiments,  provided  the  key  to  the 
role  of  contacts  on  device  behavior  (1J.  For  submicron  devices,  the  difficulties 
of  direct  correlation  of  experiment  with  specific  transport  phenomena  are 
apparent  and  simulation  through  parametric  studies  will  provide  a  key  to  the 
role  of  boundaries.  But  the  description  of  transport  on  a  submicron  scale  is  still 
inadequate  and  the  descriptive  role  of  boundaries  is  correspondingly  weak.  For 
example,  most  space  charge  dependent  problems  stilt  treat  the  background  as  a 
“jellium”  distribution.  The  discrete  nature  of  impurities  is  ignored,  as  are 
structural  variations  in  the  contacts.  The  extent  to  which  this  affects  such 
measurements  as  current-versus-voltage  is  yet  to  be  determined.  Notwithstand¬ 
ing  these  uncertainties,  a  considerable  amount  of  information  can  be  obtained 
by  extrapolation  from  the  ideal  cases  which  can  provide  bounds  on  the  limits 
of  transport  through  both  the  boundary  and  active  region  of  the  device. 
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I.  Introduction 

The  thrust  of  integrated  electronics  in  recent  years  has  been  toward  the 
realm  of  very -large-scale  integration  (VLSI).  This  has  led  to  a  steady 
increase  in  the  number  of  devices  on  a  single  chip  and  to  a  reduction  in  the 
typical  dimension  of  a  single  device  While  research  metal-ov.de- 
semicotiductor  field-effect  iransistor>  (MOSI  l:Ts)  have  been  made  with 
channel  lengths  in  the  0  1  0.25-//m  range  (llliott  <■/  al .  I9'u.  Hunter  c: 
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submicron  semiconductor  devices  have  been  hampered  by  our  lack  of 
detailed  understanding  of  nonequilibrium  semiconductor  transport  on 
scales  intermediate  to  the  true  atomic  scale  (<  10  A)  and  the  bulk  solid-state 
macroscopic  scale  ( >  I  fim  =  I04  A).  The  transport  in  this  regime  is 
complicated  by  the  high  electric  fields  and  the  resultant  hot-carrier 
phenomena.  For  example,  I  V  across  a  0.1 -/mi  channel  produces  an  average 
electric  field  of  IOsV/cm,  enough  to  produce  hot-electron  effects  in  any 
semiconductor. 

As  early  as  1963  hot-electron  effects  were  suggested  to  be  important  in 
MOSFETs  (Grosvalct  et  al.,  1963),  and  the  role  of  velocity  saturation 
was  considered  shortly  thereafter  (Trofimenkoff,  1965).  Subsequently, 
the  role  of  hot  carriers  in  metal-oxide-semiconductor  (MOS)  and 
metal-semiconductor  (MES)  devices  has  been  investigated  and  reviewed. 
Many  of  the  problems  that  arise  in  transport  in  submicron  devices  arc  due 
to  the  very  fast  time  scales  inherent  in  these  small  devices.  For  example,  an 
electron  traveling  at  I07 cm/sec  can  cross  a  0.1  -/tm  channel  in  10“ 12 sec, 
which  is  a  time  on  the  scale  of  the  appropriate  relaxation  times  for 
momentum,  energy,  and  charge.  On  this  time  scale,  the  electrons 
encountering  a  high-field  region  of  such  dimension,  as,  for  example,  the 
pinch-off  region  in  a  MOSFET,  do  not  have  adequate  time  to  establish  any 
sort  of  equilibrium  distribution,  a  point  made  rather  pointedly  earlier  by 
Ruch  (1972)  and  Maloney  and  Frey  (1977).  Additional  complications  arise 
from  the  fact  that  the  collision  duration  is  no  longer  negligible  on  this  time 
scale  and  strongly  affects  the  transport  dynamics  (Ferry  and  Barker,  1980a). 

Many  semiconductors  exhibit  velocity  overshoot,  in  which  the  velocity 
can  reach  levels  well  above  the  steady-state  value  in  transient  response  to 
high  electric  fields.  Such  effects  have  not  generally  been  felt  to  be  important 
in  logic  devices  because  the  contribution  to  the  delay  time  from  the  transit 
time  is  somewhat  smaller  than  the  contribution  due  to  the  interconnect 
capacitance.  Yet.  it  is  not  generally  appreciated  that  such  overshoot  effects 
have  an  indirect  contribution  by  increasing  the  apparent  saturation  velocity 
in  small  structures.  Thus  it  is  not  the  direct  contribution  to  a  reduction  in 
transit  time,  but  the  indirect  contribution  to  the  increased  effective 
saturation  velocity,  that  makes  overshoot  effects  important  in  very  small 
semiconductor  devices.  Clearly,  the  emphasis  in  studies  of  device  scaling  has 
been  on  questions  other  than  whether  or  not  our  current  understanding  of 
device  physics  is  adequate  to  handle  devices  on  a  smaller  spatial  scale. 

In  the  modeling  of  semiconductor  devices,  the  major  pin  s:cal  effects  are 
dominantly  tied  up  with  the  manner  in  which  the  charge  fluctuations  and 
current  response  are  coupled  to  the  local  electric  field,  formally  related 
through  the  continuity  equation.  To  determine  the  current  response 
accurately,  one  must  solve  an  appropriate  transport  equation,  and  it  is  in 
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these  transport  equations  that  many  of  the  major  modifications  arising  from 
these  short  time  scales  occur. 

In  the  following  sections  we  examine,  in  some  detail,  the  considerations  of 
overshoot  that  arise  in  transient  transport.  In  the  next  section  we  first 
discuss  the  intuitive  view  of  overshoot  and  the  velocity  autocorrelation  that 
illustrates  overshoot.  We  then  turn  to  a  discussion  of  the  experiments  that 
have  been  carried  out  in  attempt  to  measure  overshoot.  Finally,  we 
undertake  a  detailed  theoretical  treatment  of  the  quantum  transport 
equations  to  illustrate  the  proper  balance  equations. 


II.  Overshoot  Velocity  Effects 

In  an  otherwise  perfect  crystal,  the  mobile  electrons  have  a  well-defined 
energy  distribution,  with  some  carrier  energies  very  near  the  threshold  for 
phonon  emission  due  to  the  need  for  detailed  balance  to  exist.  As  a  result, 
even  for  small  applied  fields  electron-phonon  interactions  will  occur,  and 
ballistic  transport  in  the  microscopic  sense  is  not  observable.  Instead 
ballistic  transport  in  the  sense  of  the  mean  is  conceptually  possible  where  on 
a  short  time  scale  the  mean  velocity  is  approximately  given  by 

<K>  =  qFt/m*.  (I) 

Equation  (1)  implies  an  ensemble  average  in  which  electron-electron 
interactions  are  sufficiently  rapid  for  the  carriers  to  be  in  thermal 
equilibrium  with  each  other.  Further,  for  GaAs,  t  in  Eq.  (1)  is  generally  less 
than  the  relaxation  time  for  the  Frohlich  interaction  that  is,  t  0.3  psec. 

When  we  examine  transport  on  a  time  scale  longer  than  that  for  which 
Eq.  (I)  is  approximately  valid,  dramatic  nonequilibrium  size -dependent 
effects  occur.  The  phenomena  have  been  referred  to  as  velocity  overshoot 
for  reasons  that  will  be  apparent.  We  concentrate  on  gallium  arsenide,  which 
for  simplicity  we  treat  as  a  two-valley  semiconductor. 

At  low  values  of  electric  field  and  at  room  temperature  almost  all  of  the 
carriers  are  in  the  central  valley.  In  the  absence  of  ionized  impurities, 
detailed  balance  dominates  and  the  mobility,  a  "mean”  quantity,  is 
determined  by  intravalley  longitudinal-optic-(LO)  phonon  scattering.  At 
high  values  of  electric  field  intervalley  phonon  scattering  becomes  the 
dominant  scattering  mechanism,  and  there  is  an  increased  level  of 
spontaneous  phonon  emission.  For  the  central  valley,  velocity  saturation 
occurs,  but  at  values  of  velocity  higher  than  the  steady-state  velocity.  The 
general  situation  is  represented  by  steady-state  curves  for  the  mean  carrier 
velocitv  in  the  central  and  satellite  valleys.  Due  to  differences  in  the  effective 
m.!'>.  the  carrier  velocity  is  highest  for  central  valley  electrons. 


D.  K.  Ferry.  II.  L.  Gruhin.  and  G.  I.  lalratc 


TIME  (ps) 

Fig.  1.  Mean  transient  carrier  velocity  versus  time  for  zero  and  finite  collision  duration,  for 
GaAs,  at  300  K.  Results  are  obtained  from  the  first  three  moments  of  the  quantum  kinetic 
equation.  iV0  =  I011;  F  =  27kV/cm. 


Once  we  recognize  that  a  finite  amount  of  time  is  necessary  for  carriers  to 
transfer  from  the  central  to  satellite  valleys,  we  see  the  immediate 
possibilities  of  high  transient  velocities.  Typical  transient  curves  are  shown 
in  Fig.  1 :  one  result  is  for  zero  collision  duration  and  a  second  lor  finite 
collision  duration.  The  crosshatched  region,  where  the  expired  time  is  less 
than  the  LO-phonon  relaxation  time,  is  referred  to  as  the  mean  ballistic 
regime. 

The  calculation  of  Fig.  I  can  be  translated  into  a  velooi-x-versus-distance 
transient.  Then  repealing  the  calculation  at  dilferent  \ allies  of  field,  we 
obtain  the  results  in  Fig.  2  (Grubin  and  Ferry.  1981).  It  i-  clear  that  as  the 
device  dimensions  are  reduced,  the  apparent  saturated  drift  \elocity 
increases  while  the  presence  of  negative  differential  mobilitv  is  eliminated. 
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Fig.  2.  Field  dependence  of  the  effective  drift  velocity  (L/t)  for  GzAs.  The  parameter  is  the 
transit  distance. 


This  particular  result  is  highly  significant  insofar  as  it  suggests  the  possibility 
of  engineering  a  size-dependent  device,  which  in  one  case  offers  negative 
differential  mobility,  and  in  another  velocity  saturation.  Similar  effects  are 
also  observed  in  Si.  where  the  overshoot  arises  from  differences  in  the 
relaxation  time.  If  the  energy  relaxation  time  rE  is  greater  than  the 
momentum  relaxation  time  rM,  then  the  velocity  first  rises  to  a  peak  and 
then  decays  to  a  steady  value  as  the  scattering  rate  increases  due  to  the 
increase  in  the  average  energy. 

A  conduction  electron  in  a  semiconductor  is  not  a  free  electron.  Within 
the  effective  mass  approximation,  the  conduction  electron  is  a  quasi-particle 
whose  effective  mass  describes  an  averaged  (and  renormalized)  interaction 
with  the  atoms  and  bound  electrons,  ft  should  be  apparent  that  the 
correlation  between  electrons  is  important.  This  is  more  evidenced  when  it  is 
recognized  that  a  kinetic  equation,  such  as  the  Boltzmann  transport 
equation,  for  the  average  single-particle  distribution  function  is  an 
approximation  to  the  full  many-body  problem  of  large  numbers  of 
conduction  electrons  (Bogoliubuv.  1946:  Kreuzer.  1981).  Although  it  is 
possible  to  project  such  single-particle  equations,  these  must  be  cast  so  that 
a  description  of  the  correlations  between  the  electrons — the  correlation 
functions — is  recoverable.  Indeed,  it  was  just  this  view  that  led  kubo  ( 1957. 
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Fig.  3.  Normalized  velocity  autocorrelation  function  d»„(t  -  t0.  i0)  for  electrons  in  Si  for 
three  initial  times  t0.  From  the  inset,  it  is  apprarent  that  tf>v  is  constant  for  only  a  very  short 


1974)  to  formalize  transport  theory  entirely  in  terms  of  the  correlation 
functions.  We  propose  to  show  how  proper  treatment  of  the  initial  transient 
response  limits  the  range  of  ballistic  transport. 

In  a  semiconductor  subject  to  an  applied  electric  field,  the  carriers  respond 
to  this  field,  as  well  as  to  a  random  force,  which  leads  to  velocity 
fluctuations,  as  well  as  to  the  concept  of  temperature  (thermal  fluctuations). 
The  response  to  the  applied  field  (applied  at  i  =  0)  can  be  written  as 


'i 

i;d(0  =  Wm*)  Q,(i.  0)  ch' . 

<1 


where  6,1.'.  0)  is  the  nonstalionary.  two-time  velocity  autocorrelation 
function  whose  amplitude  is  normalized  to  unity  at  /  =  0  Although  kubo 
obtained  Eq.  (2)  for  the  equilibrium  situation,  its  validity  has  also  been 
established  for  the  nonequilibrium.  high-lield  case  (Zimmermann  c/  a!-. 
I  MS  I )  A  linear  increase  in  the  velocity,  as  in  Eq.  (I ).  can  only  occur  so  long 
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Fie.  4.  The  typical  evolution  of  #,.(/  —  t0J0)  and  the  transient  drift  velocity  illustrating  the 
significance  of  Eq.  (2).  The  velocity  peak  occurs  at  the  point  where  <f> ,  passes  through  zero,  and 
the  subsequent  decline  in  velocity  is  related  to  the  negative  excursion  of  <j>r. 

as  <j)t  is  constant  in  time.  To  demonstrate  this  period,  we  have  calculated  the 
transient  dynamic  response  and  velocity  autocorrelation  function  for  silicon, 
using  an  ensemble  Monte  Carlo  approach  used  previously  (Ferry  and 
Barker.  19S1).  Figure  3  shows  the  initial  decay  of  >  r0)  for  three 

different  v  alues  of  r0  including  t0  =  0.  What  is  evident  from  this  figure  is  that 
the  time  duration  over  which  <f>v  is  constant,  and  for  which  the  velocity  rises 
in  a  ballistic  manner,  is  exceedingly  short,  perhaps  only  0.004 psec  (in  Si), 
even  though  the  mean  free  time  (~  0.1 6  psec  at  f0  =  0)  is  much  longer.  The 
decay  of  o.  represents  a  decay  in  the  correlation  of  the  v  elocity  fluctuations, 
as  well  as  an  increase  in  the  dissipation  because  of  collisions.  This  is  due  to 
the  fact  that  collisions  start  to  break  up  the  correlation  as  soon  a.'  they 
occur.  bat  the  relaxation  time  is  a  hydrodynamic  average  over  the  ememhle. 
rather  th.-.ti  a  value  for  actual  collision 

We  a'se  note  from  Fq  (2)  that  the  presence  of  oveiskooi  in  the  funsiem 
velocity  o  intimately  connected  with  a  negative  portion  of  o  ‘t  .  /, . *  I  ho  k 
illustrate.:  more  clearly  in  l  ie  4  Mete  the  velocitv  and  .  ■  are  c.ilcif  ■'  ed  lo- 
electro:'.'  m  Si  at  3t)t)K  lo:  an  eleciiK  !  'Id  oi  sol  \  ,  apnh.-d  o 
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Doob’s  (1942)  theorem  states  that  for  a  stochastic  process  that  is  stationary, 
Gaussian,  and  Markovian,  the  autocorrelation  function  of  the  process  is  a 
pure  exponential.  Applying  this  to  our  system  when  the  steady  state  is 
reached  in  the  presence  of  the  electric  field  and  where  the  autocorrelation 
function  of  the  velocity  fluctuations  is  not  an  exponential,  we  infer  that  the 
system  is  neither  Gaussian  nor  Markovian.  The  fact  that  the  system  is  not 
Gaussian  has  long  been  recognized,  since  in  the  presence  of  a  field  in  the 
hot-carrier  regime,  the  velocity  distribution  departs  strongly  from  a 
Gaussian  distribution.  The  same  is  true  in  real  space:  If  initially  the  system 
has  a  ^-function  spatial  distribution  and  then  evolves  freely  in  response  to 
the  external  field,  diffusion  (i.e.,  velocity  fluctuations)  causes  the  packet  to 
spread  around  its  mean  position,  and  the  departure  from  a  Gaussian  is  best 
seen  by  calculating  the  third  and  fourth  cumulants  of  the  distribution.  As  is 
well  known,  these  cumulants  vanish  for  a  Gaussian  but  differ  significantly 
from  zero  in  the  hot-electron  case  (Ferry  and  Barker,  1981:  Lugli  et  al., 
1981).  Clearly,  the  nonlinear,  nonequilibrium  transport  has  driven  us  away 
from  classical  statistical  mechanics. 

An  equation  such  as  Eq.  (2)  is  readily  obtainable  from  a  retarded 
Langevin  equation  (Zimmermann  el  al.,  1981).  Such  an  approach  is 
appropriate  since  it  yields  an  equation  for  ud(/)  =  <u>  that  we  shall  derive  in 
a  later  section.  Indeed,  there  we  shall  calculate  balance  equations,  correct 
even  on  the  short  time  scale,  that  may  be  expressed  as 


=  qE  —  in*  i‘  dt'  X  V(t')v4(t  -  ('), 
di  Jo 

dE  C' 

—  =  qFld(,)[ l  -<M,0)]-  dl'  [£(/ 
(it  Jo 


0  -  £0]-V,(O. 


where  A,.  and  A',  are  decay  functions  related  to  the  velocity  and  energy 
correlation  functions.  Indeed,  the  time  integrals  of  A",  and  A,  give  the 
relaxation  rates  1  / rm  and  1  /r0  in  the  limit  as  /  — *  oo.  In  this  regard.  Eq.  (3a)  is 
particularly  consistent  with  the  correlation  function  approach  of  Eq.  (2).  as 
it  is  an  ensemble  average  of  a  generalized,  retarded  Langevin  equation. 
Except  for  the  details  of  the  correlation  function  and  the  convolution  in  the 
relaxation  terms.  Eq.  (3a)  diflers  little  troni  earlier  lorms.  Such  is  not  the 
case  for  the  energv  equation.  Eq.  (4).  because  ot  the  presence  ol  the  memory 
function  in  the  driving  term. 

In  studvmg  the  transient  regime,  one  considers  generally  a  population  ot 
electrons  at  equilibrium  with  the  crystal  lattice  (i.e..  described  by  a 
Maxwell-Boltznunn  distribution),  which,  in  our  case,  are  suddenly  sub¬ 
jected  to  an  external  homogeneous  electric  held.  I  hen  the  h  distribution  o! 
carriers  evolves  from  the  equilibrium  one  to  a  far-from-eqi.uibnum.  steady- 
state  distribution  imposed  in  the  presence  ol  the  electric  reid.  Equations 
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such  as  Eq.  (3)  are  useful  in  this  regard.  Moreover,  the  presence  of  the  non* 
Markovian  convolution  integrals  is  a  result  of  the  nonlinear  evolution  of  the 
system,  in  which  the  scattering  rates  themselves  are  evolving  in  time.  This  is 
evident  in  the  nonstationary  character  of  Xj(t),  which  is  related  to  / 
—  l0)(t'  =  t  —  t0)  in  Figs.  3  and  4.  The  essential  feature  of  this  function  is 
that  it  exhibits  a  negative  part  that  exists  in  the  range  of  time  during  which 
the  ensemble  drift  velocity  experiences  overshoot,  and  this  negative  part 
persists  even  when  the  system  has  reached  its  nonequilibrium  steady  state. 
Such  behavior  characterizes  a  system  that  evolves  with  two  kinds  of 
relaxation,  namely  momentum  and  energy,  characterized  by  very  different 
time  scales  for  each  in  semiconductors.  It  follows  that,  in  this  case,  the 
autocorrelation  function  departs  strongly  from  an  exponential,  except  when 
the  electric  field  is  sufficiently  small. 

We  now  want  to  examine  the  frequency  dependence  of  the  small-signal 
conductivity,  in  which  stationarity  is  reached.  Using  Eq.  (3)  in  the  frequency 
domain,  we  obtain  the  frequency  dependence  of  the  mobility 

H(oi)  =  (e/m)  [icu  +  X(/o>)]  ’ 1 ,  (4) 

and  X(ico)  contains  all  the  details  of  the  frequency  dependence.  The  complex 
structure  of  X(ioi),  including  the  effects  of  energy  and  momentum  relaxation 
in  the  system,  generally  leads  to  a  real  mobility,  which,  as  frequency 
increases,  at  first  increases  and  then  decreases  after  experiencing  a  maximum 
(most  often  in  the  far-infrared  domain).  Indeed,  as  has  been  established  by 
Kubo  (1974),  the  generalized  susceptibility  of  the  system  (the  mobility,  in 
the  present  case)  is  proportional  to  the  Fourier  transform  of  the  velocity 
fluctuation  correlation  function  [at  least  in  the  steady  state,  but  Eq.  (3a)  is 
valid  in  this  case  as  well],  and  Eq.  (3a)  allows  this  result  to  be  recovered 
once  it  is  recognized  that  the  correlation  function  has  an  important  negative 
part,  as  shown  in  Fig.  3.  When  the  carrier  dynamics  are  modeled  with 
equations  like  Eq.  (3a),  which  are  non-Markovian  in  nature,  we  can  recover 
the  essential  results  known  from  previous  studies  on  hot-carrier  effects, 
namely,  velocity  overshoot,  the  negative  part  of  the  velocity  fluctuation 
correlation  function,  and  the  proper  spectrum  of  the  mobility  as  a  function 
of  frequency. 

An  approach  similar  to  that  of  Eq.  (4)  was  previously  proposed  for 
application  to  the  calculation  of  the  dynamic  conductivity  of  simple  metals 
iGotze  and  Wolfle.  1972)  but  is  certainly  older  (Zwanzig.  I960).  It  was 
introduced  by  Gotze  and  Wollle  in  order  to  explain  the  high-frequency 
behavior  of  the  conductivity,  and  the  connection  to  the  classical  Drude 
theory  i>  possible  only  in  the  low-frequency  domain,  or  long  time  limit,  of 
the  system.  More  recently  a  similar  approach  has  been  used  for 
vcmicondncting  surface  inversion  layers  (Tine  el  <//..  I9-<>|. 
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III.  Experiment  on  High-Speed  and 
Submicron-Lcngth  Devices 

Velocity  overshoot  is  a  transient  nonequilibrium  effect.  It  occurs  on  time 
scales  of  a  picosecond  or  less  and  almost  certainly  represents  the  response  of 
a  distribution  of  carriers  to  sudden  changes  in  field.  Both  requirements  may 
preclude  manifestation  in  today’s  commercially  available  devices,  although 
some  new  design  structures  should  overcome  these  difficulties  (Grubin  et  at., 
1982).  Independent  of  design,  the  time  scales  of  the  phenomenon  place 
unrealistic  demands  on  most  electrical  instrumentation  and  have  resulted  in 
all-optical  measurements,  as  discussed  in  the  following. 

In  Fig.  5  the  physical  time  scales  associated  with  momenta  and  energy 
relaxation  arc  compared  to  existing  and  projected  optical  instrumentation. 
The  scattering  rates  are  those  appropriate  to  gallium  arsenide  and  represent 
interaction  within  different  portions  of  the  conduction  band,  at  different 
values  of  field.  The  initial  overshoot  phenomenon  occurs  at  the  lower  end  of 
the  scale,  where  the  energy  scattering  rates  may  be  several  orders  of 
magnitude  less  than  those  for  momenta.  The  first  attempt  (Shank  et  al., 
1981)  to  measure  this  transient  response  involved  the  “pump-and-probe” 
technique  summarized  later  in  this  section.  The  method  was  applied  to  three 
different  bias-dependent  overshoot  situations.  Since  the  efficacy  of  the 
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Fig.  6.  Time  dependence  of  electron  drift  velocity,  at  three  values  of  electric  field,  for  GaAs. 
(From  Ruch.  1972.) 

technique  is  dependent  on  the  degree  to  which  bias-dependent  results  arc 
correlated  with  overshoot  as  presently  understood,  some  discussion  of  the 
theoretical  predictions  is  in  order. 

The  phenomenon  of  overshoot  was  discussed  in  an  earlier  section  and 
illustrated  in  Figs.  1-3.  Quantitative  differences  occur  at  different  bias  levels, 
as  any  number  of  publications  have  shown.  For  example  (Ruch,  1972).  in 
Fig.  6  calculations  at  l,  5,  and  lOkV/cm  show  progressively  higher  peak 
velocities  and  shorter  time  intervals  before  the  mean  carrier  velocity  attains 
its  steady-state  value.  The  attainment  of  progressively  higher  velocities  is 
due  to  T  valley  carriers  acquiring  high  speeds  before  transfer.  The 
realization  of  shorter  velocity  relaxation  is  related  to  two  features:  (1) 
Carriers  are  heated  more  rapidly,  to  higher  electron  temperatures,  at  higher 
bias  levels:  this,  in  turn,  leads  to  (2)  more  rapid  scattering  rates.  It  should  be 
noted,  however,  that  the  presence  of  shorter  velocity  relaxation  does  not 
imply  steady-state  equilibrium  at  l  psec.  Energy  relaxation  generally 
requires  larger  time  intervals  than  velocity  relaxation. 

The  pump-and-probe  method  used  to  examine  overshoot  involves 
photoexcitation  by  picosecond  lasers.  As  illustrated  in  Fig.  7.  a  beam  from  a 
passively  mode-locked  dye  laser  is  split  into  two  beams:  one  part  excites  the 
GaAs  layei  with  a  short  pulse,  while  the  second  optical  pulse  is  spectrally 
broadened  and  used  to  probe  the  absorption  spectrum  at  delayed  times 

The  experiments  were  performed  at  77  k  on  the  structure  shown  in  big  S. 
with  pump  and  probe  through  the  etched  window.  A  variable  optical  delay 
line  provides  the  timing  between  pumping  and  probing  A  voltage  is  applied 
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Fig.  9.  Induced  optical  density  change  in  GaAs  at  t  =  20p$cc  following  excitation  by  a 

0-5psec  pulse  at  8030°A. - .  14kV/cm; - .  22kVcm; - .  55  kV  cm.  From  Shank  ei  a!., 

1981.) 

across  the  sandwich  structure  and  modifies  the  optical  absorption,  as 
described  by  Franz  (1958)  and  Keldysh  (1958).  The  optical  absorption  is 
further  modified  by  carriers  optically  injected  near  the  band  edge.  The 
optically  injected  electrons  and  holes  drift  to  opposite  ends  of  the  sample, 
thereby  altering  the  net  field  across  the  device.  The  small  space-charge- 
induced  field  perturbs  the  Franz-Keldysh  effect,  and  the  temporal 
evaluation  to  steady  state  is  monitored. 

The  experiments  measure  the  optical  absorption  spectra  as  a  function  of 
relative  delay  time.  The  differential  optical  absorption  spectra  are  then 
obtained  by  subtracting  the  spectra  before  and  after  a  specified  relative  delay 
time.  The  differential  spectra  after  a  20-psec  delay  are  shown  in  Fig.  9  for 
three  applied  voltages.  Note  the  dependence  of  the  period  of  oscillation  on 
the  applied  field.  The  amplitude  of  the  absorbance  change  is  obtained  by 
adding  the  area  under  the  positive  and  negative  portions  of  the  differential 
absorption  spectra,  and  this  is  shown  as  a  function  of  time  in  Fig.  10.  The 
points  in  Fig.  10  are  data,  and  the  solid  line  represents  a  fit  through  the 
equation 
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dashed  curve  represents  a  fit  with  a  single  value  of  electron  velocity  chosen 
to  match  the  data  near  /  =  0,  where 

a  MO  (5b) 

dr  Aa(co)  "  d  ' 

Here  vh  is  taken  as  l07/cm  •  see.  There  is  an  apparent  decrease  in  the  slope  of 
the  absorbance,  and  a  belter  fit,  represented  by  the  solid  curve,  is  obtained 
from  a  two-velocity  fit.  For  the  22  kV/cm  result,  the  dashed  curve  is  for  a 
single  value  of  velocity  =  4.4  x  I07cm/scc.  The  solid  curve  is  for  a  two- 
valued  velocity  with  v  =  4.4  x  I07 cm/scc  for  /<l.lpscc  and  1.2 
x  107cm/sec  for  t  >  1.1  pscc.  For  the  55-kV/cm  result  a  single  fit  of  1.3 
x  107  cm/sec  appears  adequate. 

There  are  several  points  worth  noting.  First,  the  slopes  of  the  absorbance 
curves  are  higher  at  the  lower  bias  levels  suggesting  (Shank  el  al.,  1981)  the 
presence  of  longer  overshoot  relaxation.  Further,  the  initial  overshoot 
velocity  is  higher  for  the  22-kV/cm  measurement  than  the  14-kV/cm 
measurement,  a  result  also  consistent  with  calculation.  The  interpretation  is 
less  direct  with  the  55-kV/cm  measurement,  where  the  initial  slope  is 
significantly  below  that  of  the  lower  field  measurement.  Shank  et  al.  (1981) 
argue  that  velocity  relaxation  occurs  during  a  shorter  time  interval,  as  the 
results  of  Figure  6  suggests,  and  that  the  measurements  are  not  sensitive  to 
this  time  duration.  However,  because  of  the  increased  value  of  the  high-field 
overshoot  velocity  (near  108  cm/sec),  some  variation  in  the  slope  of 
absorbance  is  expected.  At  55  kV/cm,  the  influence  of  the  AlGaAs  layers, 
particularly  of  the  boundaries,  and  of  the  finite  hole  relaxation  must  be 
considered. 

As  illustrated  in  Figs.  1  and  2.  the  velocity  overshoot  and  nonequilibrium 
calculation  can  be  translated  into  velocity  versus  field  and  distance.  For 
0.12pm  it  was  seen  that  the  velocity  exhibited  saturation  without  negative 
differential  mobility.  Device  length  in  excess  of  2  pm  showed  the  full  steady- 
state  velocity-field  relation.  The  first  published  attempts  at  demonstrating 
this  length  dependence  was  due  to  Lavel  et  al.  (I9S0).  For  these  transport 
measurements  the  device  structure  consists  of  a  microstrip  line  deposited  on 
a  lightly  doped  GaAs  expitaxial  layer  (Fig.  1 1).  The  upper  strip  has  a  gap. 
on  each  side  of  which  are  heavily  doped  contact  regions.  A  voltage  is  applied 
across  this  gap.  The  gap  is  then  uniformly  illuminated,  and  excess  earners 
are  assumed  to  be  injected  uniformly  across  the  gap  so  that  the  electric  ;;e!d 
across  the  gap  is  simply  /:,n  .  t)  =  \  '{n  /..  where  Funs  the  gap  \oliage.  The 
phoioinduced  current  is  thought  to  arise  from  a  thin  laver  o;  high 
conductivity  near  the  surface  and  to  be  a  direct  measure  of  the  carrier 
velocity  Measurements  of  the  photomduced  current  have  been  made  on 
devices  of  different  gap  length.  The  results  of  measurement  for  a  gap  length 
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Epitaxial  Microstrip 

Layer  L  Line  | 


Fig.  1 1.  Structure  of  a  system  for  measuring  velocity  overshoot.  L  =  385/«n.  (From  Laval  el 
at.,  1980.) 


of  385 //m  arc  shown  in  Fig.  12.  The  results  show  a  peak  value  near  the 
steady-state  value  of  electron  transfer.  They  also  show  the  unusual  feature 
of  a  ratio  of  peak  to  minimum  current  in  excess  of  3:1.  This  suggests  that 
nonuniformity  in  the  carrier  density,  and  hence  in  the  electron  field,  is 
present,  arising  either  from  contact,  nonuniform  surface  depletion,  or  band 
structure  contributions.  Measurements  on  the  385-//m  gap  device  have  also 
been  performed  under  varying  incident  light  wavelengths  and  intensity  with 
relatively  little  alteration  in  results.  It  had  been  suspected  that  under 
sufficiently  uniform  field  conditions  a  sufficient  number  of  carriers  could 
have  been  placed  in  the  satellite  valleys  with  a  substantial  reduction  in 
photocurrent.  This  proved  not  to  be  the  case,  although  shorter  gap-length 
devices  did  show  current  reduction.  The  results  for  shorter  devices  are 
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E  =  V/L  (  kV/cm  ) 

Fig.  13.  Photoconduciion  current  versus  average  electric  field  for  short  gap  devices  and 
1.55eV  photon  energy  (/.  =  8000  A).  (From  Laval  el  al..  1980.) 

shown  in  Fig.  13.  The  0.4-//m  gap  device  displays  no  saturation;  instead  it 
shows  an  almost  linear  current  voltage  characteristic.  The  longer  gap  device 
shows  saturation  and  perhaps  electron  transfer.  We  note  the  higher  mobility 
at  low  fields  for  the  0.5-/tm  device.  When  the  photoenergy  is  increased, 
there  is  a  marked  reduction  in  photoinduced  current  due  to  injection  of 
carriers  into  the  heavy  mass  valley,  as  shown  in  Fig.  14. 

The  two  groups  of  measurement  just  discussed  concern  the  measurement 
of  velocity  transients  and  the  effects  thereof.  All-optical  device  measure¬ 
ments  have  also  been  recently  developed.  These  measurements,  developed 
by  Auston  et  al.  (1980)  and  Smith  et  al.  (1981),  although  “all  optical,"  are 
analogous  to  the  pulse  generator  and  sampling  gate  of  conventional  systems. 
The  technique  is  illustrated  in  Fig.  15. 

In  this  measurement  technique  a  train  of  picosecond  pulses  is  split  into 
two  beams.  One  beam  passing  to  the  generator  photoconductor  causes  us 
electrical  resistance  to  drop,  allowing  an  electrical  pulse  to  pass  toward  the 
device.  A  second  pulse  passes  to  a  sampler  photoconductor,  where  the  signal 
from  the  device  provides  the  necessary  bias.  By  varying  the  relative  arrival 
time  of  the  optical  pulses  to  the  generating  and  sampling  photoconductor 
through  time  delav  of  the  latter,  the  arriv  al  time  of  the  propagating  electrical 
pulse  is  sampled  as  a  function  of  time  delay.  One  measurement  of  interest 
was  obtained  when  the  device  tested  was  a  GaAs  l-'HT.  Here  the  gate  of  the 
dev  ice  received  a  signal  from  the  generator  photoconductor.  w  hile  the  signal 
to  the  sampler  photoconductor  originated  at  the  dram  contact.  The 
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Fig.  14.  Photoconduction  current  versus  average  electric  field  for  short-gap  devices  and 
l.7eV  photon  energy  ().  =  7300  A).  (From  Laval  cl  a!.,  1980.) 


measured  response  as  a  function  of  time  delay  is  shown  in  Fig.  16.  The 
device  was  a  0.6-/rm  gate  length  GaAs  FET  and  was  biased  to  provide 
maximum  gain.  The  dashed  curve  in  Fig.  16  is  the  measured  impulse 
response  with  a  50-Q  coaxial  cable  replacing  the  FET.  The  device  response 
displayed  two  characteristic  time  components:  a  fast  component  with  a  40- 
psec  FWHM,  followed  by  a  lengthy  falling  edge.  The  device  response  was 
obtained  by  subtracting  the  circuit  response  from  the  sum  of  squares, 
resulting  in  a  response  time  of  approximately  23  psec. 
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Fig.  16.  Electronic  response  of  device  for  the  picosecond  optical  device  setup  of  Fig.  1 5.  The 
solid  line  is  for  the  FET,  Vcs  =  — 1.05  V,  VJ*  =  +0.9  V;  the  dashed  line  is  for  a  50-Q  coaxial 
cable  transmission  line  in  place  of  the  FET.  (From  Smith  el  at.,  1981.) 


The  three  groups  of  experiments  just  described  demonstrate  a  successful 
merging  of  picosecond  optics  and  electronics  as  a  means  of  measuring  high¬ 
speed  phenomena.  It  is  anticipated  that  the  optical-electronic  approach  will 
likely  lead  to  the  development  of  new  very-high-speed  microelectronic 
devices. 


IV.  Moment-Balance  Equations 

Essentially  all  investigations  of  hot-electron  transport  in  semiconductors 
are  based  on  a  one-electron  transport  equation,  usually  the  Boltzmann 
transport  equation  (BTE).  Indeed,  the  overriding  theoretical  concern  in  such 
high-field  transport  is  primarily  the  solution  of  the  transport  equation  to 
ascertain  the  form  that  the  nonequilibrium  distribution  function  takes  in  the 
presence  of  the  electric  field.  However,  for  transport  purposes,  this  is  not  an 
end  product,  since  integrals  must  be  carried  out  over  the  distribution 
function  in  order  to  evaluate  the  transport  coefficients.  In  applications  to 
semiconductor  devices,  however,  the  full  solution  of  the  BTE  is  usually  too 
complicated  to  be  determined  at  each  spatial  point  within  the  device,  and 
transport  equations  for  relevant  observables,  such  as  energy  and  momen¬ 
tum.  are  preferred  (Grubin  ei  a!..  I9S2).  Such  transport  equations  are 
obtained  by  taking  moments  of  the  kinetic  equation,  and  these  olten  relate 
directly  to  the  normal  hydrodynamic  semiconductor  equations.  In  general. 
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the  complicated  nature  of  the  kinetic  equation  precludes  solving  it 
analytically,  and  the  existence  of  the  various  moment  equations  is  based 
upon  a  number  of  assumptions,  the  most  common  of  which  is  that  the 
distribution  function  can  be  represented  as  a  displaced  Maxwellian. 

In  small  semiconductor  devices,  the  time  scales  arc  such  that  the  use  of  the 
most  common  kinetic  equation,  the  BTE,  must  be  questioned  (Barker  and 
Ferry,  1980).  Traditional  semiclassical  approaches,  such  as  that  of  the  BTE, 
assume  that  the  response  of  the  carriers  to  any  applied  force  occurs 
simultaneously  with  the  applied  force,  even  though  the  system  may  undergo 
subsequent  relaxation  to  a  non-equilibrium  steady  state.  On  the  short  time 
scale  of  interest  though,  a  truly  causal  theory  introduces  memory  effects  that 
lead  to  convolution  integrals  in  the  transport  coefficients  (Zwanzig,  1961),  so 
that  the  resultant  kinetic  equation  is  not  of  the  Markovian  type.  For  the 
steady  state,  this  results  in  a  collision  operator  that  depends  upon  the 
frequency  of  the  driving  field.  Indeed,  it  is  the  non-Hermitian  properties  of 
the  collision  operator  that  have  allowed  Prigogine  (1980)  to  postulate  a 
formal  transformation  theory  to  couple  dynamics  and  thermodynamics. 

Previously,  we  have  discussed  the  development  of  balance  equations  from 
a  modified  BTE  (Ferry  and  Barker,  1980b),  based  upon  a  full  quantum 
kinetic  equation.  Direct  and  general  methods  for  the  derivation  of  such 
quantum  kinetic  equations  for  the  one-electron  density  matrix,  for  electrons 
in  phonon  and  other  arbitrary  fields  of  force,  have  existed  for  some  time 
(Kreuzer,  1981).  Such  treatments  avoid  the  random-phase  approximation 
and  yield  kinetic  equations  that  indeed  are  non-Markovian.  In  addition, 
effects  due  to  interference  between  the  driving  fields  and  the  scatterers  are 
obtained,  leading  to  collisional  shielding  of  the  driving  field,  as  well  as  to  an 
intracollisional  field  effect,  which  is  a  disturbance  of  the  scattering  by  the 
driving  field.  By  the  use  of  such  a  quantum  kinetic  equation  for  the 
distribution  function,  the  moment  equations  can  be  obtained  in  a 
straightforward  manner  and  are  modified  from  their  more  normal  BTE- 
derived  counterparts.  These  equations  show  memory  effects,  as  well  as 
additional  retardation  due  to  the  nonzero  collision  duration.  However,  the 
basis  of  these  equations  is  still  subject  to  rather  stringent  approximations. 
Indeed,  a  unique  form  must  be  assumed  tor  the  distribution  function:  it  is 
specified  as  a  retarded,  displaced  Maxwellian  of  rather  special  form.  It 
remains  unclear  to  what  extent  the  form  assumed  for  the  distribution 
function  affects  the  resulting  moment  equations  and  whether  the  actual  term 
assumed  is  a  proper  ansatz. 

The  concerns  over  the  detailed  form  of  the  moment  equations  can  be 
removed  b\  deriving  these  equations  directly  from  tire  quantum  transport 
equations  The  exact  solutions  of  the  Liouville  equation.'  describe  the  time 
evolution  of  a  statistical  ensemble  at  an  .  time  inter./  af:c  an  externa!  f.eld 
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is  applied.  If  the  rate  of  intcrcarrier  scattering  is  high,  then  after  a  short  time 
interval  r, ,  smaller  than  any  appropriate  time  scale  of  interest,  the  evolution 
of  the  nonequilibrium  density  matrix  must  be  independent  of  the  initial 
distribution,  and  there  should  be  a  reduction  in  the  number  of  parameters 
necessary  to  describe  the  nonequilibrium  response  of  the  system 
(Bogoluibov,  1946).  It  is  therefore  possible  to  assume  a  nonequilibrium 
statistical  operator  that  is  smoothed  in  its  microfluctuations  and  from  the 
very  beginning  describes  the  slow  evolution  of  the  system  for  lime  intervals 
that  are  larger  than  t,  (Zubarev,  1961).  This  approach  is  essentially  similar 
to  that  of  McLennan  (1961)  and  to  that  suggested  more  recently  by 
Procaccia  et  at.  (1979).  It  has  also  been  utilized  by  Kalashnikov  (1970) 
directly  for  hot-electron  problems  in  semiconductors.  By  utilizing  such  an 
approach,  both  the  relevant  moment  equations  and  the  form  of  the 
distribution  function  itself  are  obtained  directly  prior  to  the  extension  to  the 
semiclassical  transport  properties.  In  this  chapter,  we  review  this  approach. 
Both  the  nonequilibrium  density  matrix  and  the  moment  equations  are 
developed. 

When  one  introduces  a  retarded  kinetic  equation  to  describe  the  transport 
on  a  short  time  scale,  this  retarded  equation  is  a  significant  deviation  from 
the  usual  assumption  of  a  simultaneous  response  to  driving  forces,  and  is  a 
consequence  of  extending  the  concept  of  a  causal  response  to  the  short  time 
scale.  Causal  behavior  is  usually  associated  with  ignoring  a  large  percentage 
of  the  individual  dynamic  variables.  Indeed,  in  the  derivation  of  the 
quantum  kinetic  equation,  the  general  density  matrix  is  projected  onto  its 
“relevant”,  diagonal  part,  with  the  terms  involved  in  the  “irrelevant",  ofi- 
diagonal  part  thus  ignored.  The  density  function  can  be  transformed  via  a 
proper  correspondence  principle  into  a  phase-space  function  (Moyal,  1949). 
and  then  a  semiclassical  limit  can  be  taken.  Such  an  approach  is  not  totally 
required,  however,  since  in  obtaining  a  generalized  kinetic  equation,  no  truly 
quantum  effects  are  included.  Consequently,  the  Hamiltonian  could  as  easily 
be  a  classical  one.  and  the  resulting  equation  would  be  the  same  (Zwanzig. 
I960).  Thus,  the  density  function  evolves  in  the  2 N  dimensional  phase  space 
(iV  particles)  of  position  and  momentum. 

We  wan:  to  consider  a  subspacc  of  phase  space,  however,  which  is 
composed  of  what  would  be  constants  of  the  motion,  if  the  system  were 
conservative  (which  is  not  a  requirement i.  The  constants  of  the  mono::  are 
(2\  -  l)-c:mens!onal  tori  in  phase  space  ti  e.,  for  one  dimension,  phase 
space  has  '.wo  dimension-;  and  the  surface  E  =  constant  is  a  closed  c  .-.e) 
Such  parameters  can  be  the  average  energv.  the  average  momentum,  etc  We 
therefore  define  a  >e;  of  parameters  (Zwan/ig,  1961) 
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and  to  each  of  these  corresponds  a  measurable  average 

Qm  =  <P„>-  (7) 

For  short-hand  notation,  we  write  P  =  { .  /*2 . PK).  A  parameterized 

distribution  function  can  be  defined  as  //(/’,/)  which  is  the  probability  of 
transition  from  the  initial  values  </(/*.  0)  to  the  set  of  parameters  Pm  at  time  /. 
Specifically,  the  average  in  Eq.  (7)  is  defined  by  the  first  moments  as 

Qm  =  f  Pm(i(Pj)<tP.  (8) 

The  individual  Q„  satisfy  transport  equations.  We  want  to  develop  these 
equations  themselves  and  shall  do  so  for  the  quantum  transport  case,  where 
achievement  is  easier.  In  part,  we  must  first  work  from  the  equation  of 
motion  for  g(P,  t )  instead. 

In  particular,  there  are  two  situations  in  which  the  dynamic  systems  of 
interest  will  show  the  necessary  property  of  weak  instability  and  evolve  into 
statistical  behavior,  which  shows  up  on  the  macroscopic  level  as  irreversi¬ 
bility  (Prigogine,  1981).  One  is  when  the  system  is  mixing,  and  the  second  is 
when  there  is  no  true  invariant  of  the  motion  other  than  the  energy.  In  these 
cases  the  dynamic  system  has  undergone  strong  chaos,  and  individual 
trajectories  no  longer  exist  (Arnold  and  Avez,  1968).  Our  time  scale  t,  is 
taken  to  be  the  time  for  this  weak  instability  to  fully  form,  and  we  presume 
that  this  arises  owing  to  carrier-carrier  interactions.  Then,  for  time  t  >  r,, 
correlations  with  lifetimes  less  than  r,  can  be  ignored  and  the  state  of  the 
system  may  be  described  by  a  reduced  set  of  macroscopic  observables  Qm{t) 
which  are  the  average  values,  over  the  nonequilibrium  ensemble,  of  the  set 
of  dynamic  variables  Pm.  These  dynamic  variables,  and  their  conjugate 
forces  /m(r),  may  then  be  used  to  define  a  nonequilibrium  statistical 
ensemble.  The  approach  is  based  upon  Poincare's  theorem  on  integral 
invariants  generalized  to  quantum  systems  (Zubarev,  1974).  Thus,  the 
system  density  matrix  should  be  constructable  from  the  principal  invariants 
of  the  system.  Additionally,  an  auxiliary  (local)  equilibrium  density  matrix 
/>  is  defined  as  a  quasi-equilibrium  quantity.  This  latter  function  serves  as  an 
idealized  initial  condition  for  the  system  after  the  randomization,  character¬ 
ized  bv  r, .  has  occurred,  and  from  which  the  system  evolves  under  dynamic 
laws  governed  bv  its  Hamiltonian.  This  means  that  at  all  times  •  >  r;.  the 
nonequilibnum  density  matrix,  winch  must  satisfy  the  Liouville  Neumann 
equation,  is  a  functional  ol  />, 

It  now  seems  reasonable  to  use  the  nonequilibnum  siati-uical  operator, 
■which  is  smoothed  in  the  microlluctuaiions  and.  from  the  beginning  time 
•  >  describes  the  slow  ,  irreversible  evolution  ol  the  svstem.  to  obtain  the 
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balance  equations  necessary.  We  therefore  consider  the  nonequilibrium 
distribution  of  conduction  electrons,  in  a  semiconductor  in  a  strong  electric 
field  F(x).  which  arc  interacting  with  the  lattice.  The  Hamiltonian  of  the 
system  can  be  written  as 


//  =  Ht  +  //,  +  //L  +  //., 


(9) 


where  He  and  //L  are  the  Hamiltonians  of  the  free  carriers  (in  the  effective 
mass  approximation)  and  the  lattice,  Hcl  describes  the  interaction  between 
the  carriers  and  the  lattice,  and 


F(x)-</x 


(10) 


is  the  potential  due  to  the  external  field  (we  ignore  the  dynamic  screening  of 
this  field). 

Within  a  time  r, ,  the  energy  and  momentum  that  the  carriers  obtain  from 
the  field  are  redistributed  among  themselves  due  to  carrier-carrier 
interactions.  Thus,  the  distribution  function  describes  electrons  that  are  in 
equilibrium  with  each  other,  but  not  with  the  lattice,  and,  on  a  time  scale 
greater  than  t,,  the  system  may  be  characterized  by  the  average  values  of 
the  set  of  operators  Pm(x),  defined  by 


Pm  =  {Ht,P„N,PL,tfL  +  tfcL}, 


(11) 


where  Pe  and  PL  are  operators  of  total  momentum  of  the  electrons  and  the 
lattice,  respectively,  and  N  is  the  carrier  number  operator.  The  term  Hc 
contains  the  carrier  Hamiltonian,  the  coherent  part  of  any  interaction  with 
the  environment,  and  the  carrier-carrier  interaction,  although  we  only 
explicitly  retain  the  first  of  these  in  a  renormalized  effective  mass  treatment. 
However,  it  is  assumed  that  this  term  is  diagonal.  Although  we  have 
included  the  terms  for  the  lattice,  it  will  be  assumed  that  the  lattice  remains 
in  equilibrium.  The  various  Pm  satisfy  the  equations  of  motion  as 


dPJdi  =  (i't,)[H.  Pm]  =  (Hh)HP„ 


(12) 


where  the  caret  over  H  signifies  a  superoperator.  Then,  for  a  homogeneous 
system  (we  may  easily  extend  this  to  an  inhomogeneous  system). 
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where 

^m(U  =  rn-  (14) 

We  now  introduce  a  set  of  time-dependent  parameters  fm(t)  (which  are  c 
numbers)  constructed  to  be  thermodynamic  conjugates  of  the  Qm  as  follows: 

/«(')  =  {  ~Pc  Pe^4  •  -P'(M  ~  »»«£).  0,  -ft},  (15) 

where  ftc  is  the  inverse  carrier  temperature  (=  l/&nTe),  vd  the  drift  velocity, 
and  /<  the  chemical  potential  (or  Fermi  energy),  and  each  of  the  fm  is  a 
homogeneous  function  of  /.  H crefm  for  PL  is  zero,  since  the  lattice  can  have 
no  average  momentum,  and  /?  =  \/kHT,  where  T  is  the  lattice  temperature. 

The  asymptotic,  time-smoothed  quantities  Bm(g)  may  be  defined  from  the 
Pm  and  the  fm  as  ( t  >  0)  (Zubarev,  1974) 

BJO  =  s  f°  dt'e“Ut  +  t')Pm(f),  (16) 

j  “  00 

where 

PJf)  =e'ii,,',hPJ0).  (17) 

The  quantities  Bm  satisfy  the  Liouville  equation  in  the  limits  s—+  0  and  are 
the  quasi-invariant  portions  of  the  products  Pmf„(t)  with  respect  to  the 
evolution  under  the  Hamiltonian  H.  Thus,  they  are  integrals  of  motion  in 
this  limit,  and  any  total  statistical  operator  constructed  from  these 
quantities  will  also  be  an  integral  of  Liouville’s  equation.  The  operation  of 
taking  the  quasi-invariant  part  is  equivalent  to  taking  the  causal  response,  a 
treatment  used  to  assure  that  retarded  solutions  are  obtained  (Gell-Mann 
and  Goldberger,  1953).  To  assure  that  fm  and  Qm  =  ( P„y  (the  t  superscript 
denotes  a  time-varying  average,  i.e.,  an  ensemble  average  evaluated  at  t)  are 
thermodynamically  conjugate,  we  require 

<pmy  =  </>„>!,  os) 

where  <•>'  denotes  the  average  taken  over  the  nonequilibrium  density 
operator  p{t)  and  <  )J  indicates  an  average  taken  on  the  quasi-equilibrium 
density  operator  />,(/).  both  of  which  are  defined  shortly. 

We  can  now  write  the  nonequilibrium  density  operator  in  the  form 
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The  choice  of  Eq.  (19)  for  p(t)  assures  that  this  quantity  reduces  to  the 
generalized  Gibbsian  grand  ensemble  (or  grand  canonical  distribution)  in 
the  thermal  equilibrium  state  and  results  in  a  positive  entropy  production  in 
the  equilibrium  and  the  nonequilibrium  states.  Indeed,  by  defining  the 
entropy  operator  as 

S(/,0)  =  <Do  + I />*/*(<).  (21) 

m 


with 


O0  =  lnTrexp{  -£/%, /m(0}.  (22> 

m 

we  can  combine  Eqs.  (16)  and  (19)  as  (Kalashnikov,  1970) 

p(t)  =  exp{-5(/,0)  -  j*  dt'e"'&(t  +  /',/')},  (23) 

after  an  integration  by  parts  and  the  extension  of  Eq.  (21)  to 

$(/  +  n  =  ZifjLOfJL'  +  o  +  wo  -  +  '')}•  (24) 

m 

Clearly  then,  we  may  define  the  quasi-equilibrium  density  operator  as  that 
local  operator  for  which  5  =  0.  Thus,  we  are  led  to 

Pi(t)  =  exp{-S(/,0)}  (25) 

for  the  quasi-equilibrium  operator.  Here,  the  entropy  S(f,  /')  is  a  true  two- 
time  function  since  it  represents  that  quantity  in  a  nonstationary  environment. 

The  total  density  matrix  of  the  real  system,  p(t),  deviates  from  the  quasi¬ 
equilibrium  due  to  the  microscopic  relaxation  processes  in  S  that  occur  in  a 
small,  coarse-grained  region  of  the  system.  Yet,  the  quasi-equilibrium 
operator  p,(t)  is  determined  from  the  actual  p(t)  by  the  fact  that  the  state 
parameters  Pm  involved  in  p,{t)  are  determined  by  the  requirements  of  Eq. 
(18).  The  difference  between  p(t)  and  p,(t)  relaxes  toward  the  latter  due  to 
the  scatterina  processes  and  can  be  treated  within  a  perturbation  expansion, 
much  as  in  the  interaction  picture. 

In  the  expansion  of  S  in  Eq.  (24),  we  can  replace  Pm  by  the  set  of  Eqs.  (13) 
and  )m  from  the  expansion 
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where  S  is  given  by  Eq.  (24).  We  obtain  Eq.  (33)  in  the  following  fashion. 
First,  wc  note  that  from  Eq.  (23)  wc  may  write 

p(t)  =  e~A~ \  p,(i)  =  e~A. 


A=S(t,  0),  fl  =  J  <//'$(/  +  /',/'). 


It  is  convenient  to  introduce  an  operator  k(t)  by  means  of 


e-iA  +  m<  =  K(x)e'A\ 

which  is  equivalent  to  the  operator  equation 

K(r)  =  1  —  f  d£K(£)e~AiBeAi. 


i=l—  dc,  K 
Jo 


From  this  relation,  it  is  recognized  that  k(i)  is  the  evolution  operator  in  the 
interaction  representation.  Finally,  with  the  change  of  variables  r— *  I,  c  — » t, 
Eqs.  (34)  and  (35)  become  Eq.  (33).  We  can  now  use  this  to  evaluate  the 
averages  and  compute  the  balance  equations. 

To  begin,  we  rewrite  Eq.  (24),  using  Eq.  (27),  is  a  more  simple  format: 

$('  +  ''.o  =  +  o  +  ipjLn  -  <pmyj 


=  I{^«(L)(O/m0  +  0  +  $(/,0)}. 


so  that 


f-o  ro 

dt'Su  4-  /'./')  =  dt'Y.Pmo.JJ1  +  <’) 

.  -  x  J  -  r.  ™ 

+  Tlpjp)-<pKm,iuo  •  37) 

m 

in  the  \  — 0  limit.  Taking  fji)  =  0  for  t  <  0  (fie  —  />  =  0  for  i  <  0).  we  can 
carrv  out  average  over  Eq.  (13)  as  (after  changing  the  integration 


variance  i 


-  I?-.  P,J  +  </'T</\ . ''>>7;^  -  f) 

tt  J  (I  n 
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where  the  quantum  correlation  functions  arc  defined  by 

<A :  B(ny  =  y  ih  <A[c - ’smrys  -  <£>;]>’«  (39) 

in  the  absence  of  spatial  correlations.  Here  B(t')  evolves  under  the  total 
Hamiltonian  according  to  Eq.  (12).  For  /V<E>  =  <//,>.  we  find  the  energy 
balance  equation  to  be 


r/<E>  _  cF 
di  Nm 


*i 

<Pt>  -  di\fic{l,:{litU  -  0//c(i.,<'  > 
Jo 


+  w  -  i'kv  -  ni\luo)\y 


-PAO^^mO)  +  vd(r)-pc(0)}>‘.  (40) 

where  //t  =  (ic  -  (i.  The  momentum  balance  equation  becomes 

i  |  T| 

'"17  =  N<Pt>  ~e¥~  \od,'<P'M'PA‘  ~  DiH'iuV) 

+  ^-Ovd(/-OPc«u(0}>' 

-  PAt)^-<N;{Ht(  0)  +  vd(/)  -  pc(0)!>'.  (41) 

Over  a  broad  interval  of  the  electric  field  strength,  the  kinetic  energy 
associated  with  the  electron  drift  velocity  is  much  smaller  than  the  mean 
energy  of  the  carriers  that  is,  tnv d  <$  knTe.  In  this  case,  we  may  neglect  the 
cross  terms  in  the  correlation  functions  such  as  Pt{UH C(L)  or  SHt  just  as  in 
thermal  equilibrium.  Then,  the  correlation  functions  simplify  and  the 
balance  equations  become 


1 


=  cF  vd  -  iW  -  i //c,Lt<' 


m  -  ±  =  t  F  -  m  I  dr' l>t(t  -  /')*.,(/  -  /  '  (J-'» 

Jo 

I  ire  remaining  correlation  functions  are  the  collision  relax.:. ion  mentor) 
functions  (/uan/ig.  1964).  and  the  form  of  these  equations  U  -  ::ular  to  that 
counted  for  the  drilled  Maxwellian  approxmution.  although  die  details  oi 
;:.e  ^e. uterine  functions  are  somewhat  duteient  The  sc^  -oi  taetor  is 
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negligible  for  /  — *  oo  but  is  significant  during  the  initial  transient  phase  and 
appears  even  in  careful  Monte  Carlo  calculations,  even  in  the  scmidassical 
limit.  That  this  memory  efTcct  should  appear  in  the  energy  equation  follows 
from  the  fact  that  £  =  \knTe  =  (when  the  drift  energy  can  be 
neglected).  Thus,  the  temperature  is,  in  effect,  a  measure  of  the  fluctuations 
and  cannot  be  changed  until  the  correlations  of  these  fluctuations  is  broken 
by  the  field. 

The  correlation  functions  are  generally  written  from  Eqs.  (40)  and  (41)  as 
J  =  Awi/iO  +  owoj 

=  ^  +  o/V,«>Tsjy 


Now, 


Y.e-'s/(t  +  0  =  7le-‘s[WeL(0 ,/,(/  +  OP, Vs 

i  n  i 

=  7T-{*",S//e  L(OetSh 


~^AHedn.[HtL,pmny 


Tr{  Pm  [HtL ,  [H,L(0<  p(r )]  ]  J . 


V.  The  Correlation  Functions 

In  the  las:  form  in  Fq  (44).  the  correlation  function  has  the  suggest  e 
form  of  a  decay  function  tor  the  generalized  parameter  Pm.  In  particular.  ■ 
we  rewrite  Lie  (44)  as 

,/=-il  .YfrjTr; /’„£’<  f')/>(/)}. 
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(hen  K  can  be  recognized  as  a  collision  superoperator  and  is  formally 
equivalent  to  that  introduced  by  Van  Hove  (1955)  and  by  Prigoginc  and 
Kesibois  (1961).  In  this  regard,  we  can  say  that  the  evolution  of  K  is 
governed  by  a  projection  into  the  space  of  correlations,  and  the  consequent 
evolution  of  /»  lies  in  a  subspacc  that  includes  a  portion  of  this  space  of 
correlations.  The  role  of  K  is  thus  related  to  the  building  up  of  correlations 
from  asymptotic  averages  and  sorts  out  the  noise  correlations  that  have  a 
long-time  effect  and  manifest  themselves  at  the  macroscopic  level  (George  ei 
(tl..  1972).  Now,  as  is  clear  from  Fq.  (44).  K(l)  is.  in  general,  a  function  that 
involves  only  the  interaction  //cl  except  in  the  resolvent  producing  the  time 
evolution.  Since  the  resolvent  also  involves  //e,  from  Eq.  (17).  we  expect 
that  J  involves  not  only  relaxation  effects,  but  also  self-energy  corrections, 
particularly  in  high-density  situations  much  as  those  found  in  picosecond 
laser  pulse  experiments.  In  addition,  we  expect  that  the  presence  of  high  dc 
electric  fields  will  lead  to  interactions  between  the  field  and  the  scatterers — 
an  intracollisional  field  effect.  These  eflccts  are  discussed  later. 


A.  Self-Energy  Corrections 


In  the  presence  of  a  strong  monochromatic  source,  one.  in  general,  would 
expect  saturation  due  to  state-filling  also  to  be  a  factor.  State-filling  of  the 
conduction  and  valence  bands,  as  opposed  to  band-filling  (Zitter,  1969). 
arises  from  monochromatic  radiation  and  results  in  a  <>-function-like  spike 
(in  energy)  in  the  distribution  function  (Hearn  et  a/.,  1962).  The  occurrence 
of  such  state-filling  depends  upon  the  generation  rate  and  the  length  of  time 
that  the  excitation  occurs  in  a  specific  energy  state.  Normally,  it  is  to  be 
expected  that  such  effects  will  occur  under  picosecond  laser  pulses,  although 
one  would  expect  the  time  width  of  the  resulting  saturated  absorption  to  be 
of  the  same  scale  as  the  laser  pulse  In  Ge.  it  is  found  that  the  state-filling 
th.it  would  normal!)  be  expected  to  occur  is  restricted  by  the  process  of 
energy-gap  nan  ow  ing,  or  band  renormalization  as  it  is  sometimes  called, 
induced  by  the  electron-hole  pairs  (Ferry.  1978). 

Energy  -gap  narrow  mg  at  high  concentrations  of  electrons  and  holes  arises 
pr  •arilv  from  two  principal  mechanisms:  self-energy  or  exchange  energy 
w  :; minions  to  the  bandgap  and  the  free -car Tier-induced  shifts  ol  the 
p:  non  frequencies  The  narrowing  of  the  energy  gap  due  to  the  interacting 
iv.  .ee  of  the  free  carriers  Ivin  Iven  considered  by  Ink'on  il'-’h)  using  a 
d  •nie.iib.  screened  potential.  I  he  miioduciior  of  free  carte-'  alters  the 
u  ....  v  - 1  emu  lev  el  so  tit  at  the  exchange  mtcgi.il,  a.'  well  a-  its  co-  t-tibii non  to 
t:  .>  cvch.mcc  enei cv  .tuouehoui  the  hand,  must  .bailee  lie  ■  estimated 
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(hat  at  low  temperature  the  gap  closure  is  given  by 

A Kt  =  A,  +  </[lrr  -  tan '  ‘(A, /«)]}.  (46) 

where  a  =  and  /.  is  the  screening  wave  vector.  Now,  Eq.  (46)  is  a  zero- 
temperature  approximation  and  its  validity  at  higher  temperatures  is 
restricted.  However,  A,  reflects  primarily  an  estimate  of  the  number  of 
interacting  carriers  within  the  conduction  band  (or  valence  band).  An 
estimate  of  this  cflccl  can  be  found  by  deriving  A,  from  the  Fermi  energy, 
given  by 

/•,  -  /:c  =  A„7;in(/»/A/t).  (47) 

where 

Nc  =  i(-,"cAll  TJnh1)'12  <4X> 

is  the  effective  density  of  states  in  the  conduction  band  and  Tc  is  the  electron 
temperature. 

The  shift  in  the  phonon  frequencies,  induced  by  the  free  carriers,  also 
causes  a  gap  narrowing.  Brooks  (1955)  relates  the  energy-gap  variation  to 
the  change  in  the  lattice  vibration  frequencies  from  tu,-  to  o]  when  the 
electron-hole  pair  is  excited  across  any  particular  gap.  The  gap  change 
arises  from  a  change  in  chemical  potential  and  can  be  expressed  as 

A£#  =  £  [/(«»  -/(ru.,0)],  (49) 

l 

where  f{co.n)  is  the  standard  formula  for  the  free  energy  of  an  oscillator  of 
frequency  oj,  which  itself  is  a  function  of  « (or  p).  The  variation  of  the  energy 
gap  at  high  densities  (high  temperatures)  for  Si  was  shown  by  Heine  and 
Van  Vechten  (1976)  to  be  dominated  by  the  anharmonicity  in  the  transverse- 
acoustic  (TA)  phonons.  The  TA  modes  depend  critically  upon  the  covalent 
nature  of  the  bonding  in  the  diamond  structure.  Without  this  bonding,  the 
TA  modes  go  unstable.  The  generation  of  electron-hole  pairs  removes  bond 
charge,  thus  destabilizing  and  softening  the  TA  mode.  It  is  significant  that 
estimates  of  the  peak  electron  density  in  picosecond  laser  experiments  at  the 
damage  threshold  is  within  a  factor  of  5-8  of  that  necessary  to  complete!) 
destablize  the  TA  mode.  Heine  and  Van  Vechten  have  shown  that  the 
denstix  dependence  of  the  anharmonic  TA  mode  may  be  expressed  as 

On  =-  (aIX[l  —  );:o  —  ;:0).\  *].  I-'U| 

where  =  <>.85  -  I  is  the  bond-charge  shift  per  electron-hole  pair. c,“  =  2- 
the  dielectric  constant  of  the  competing  />'- tin  phase,  and  A  .  the  atomic 
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As  already  mentioned,  ihc  strong  energy-gap  renormalization  leads  to  a 
gap  narrowing  that  is  sufficiently  strong  so  that  state-filling  probably  docs 
not  occur.  Indeed,  it  has  been  suggested  by  Wautclcl  and  Van  Vcchtcn 
(1981)  that  under  extreme  conditions  where  7*  $>  T,  anomalously  large 
changes  in  the  bandgap  will  occur.  This  will,  in  turn,  lead  to  a  gradient  in  T 
due  to  the  large  rate  of  phonon  emission  that  is  localized  and  to  gradients  in 
the  electrochemical  potentials  of  the  excited  electrons  and  holes.  As  the 
energy  gap  is  a  minimum  at  the  site  of  the  highest  density,  these  gradients 
oppose  the  normal  diffusion  of  the  excited  carriers,  since  the  carriers  arc 
essentially  self-trapped  in  a  potential  well. 

B.  The  Intracollisional  Field  Effect 

At  high  fields,  such  as  will  occur  in  very  small  devices,  the  collision 
duration  is  significant  and  correction  terms  appear  to  account  for  the 
nonzero  time  duration  of  each  collision.  If  the  instantaneous  collision 
approximation  that  normally  is  used  is  relaxed,  an  additional  field 
contribution  appears  as  a  differential  superoperator  term  [see,  e.g.,  the 
discussion  in  Ferry  (1980)]  in  the  collision  integrals  evaluated  in  the 
momentum  representation,  resulting  in  an  intracollisional  field  effect 
(ICFE). 

The  ICFE  can  be  partially  understood  by  a  simple  example.  In  the  usual 
case,  the  collision  occurs  instantaneously,  so  that  the  carrier  enters  the 
collision  sphere  at  a  point  a  and  instantaneously  exits  at  a  second  point  b. 
However,  the  collision  does  not  occur  instantaneously,  but  requires  a 
nonzero  collision  duration  rc.  In  this  case,  it  can  now  be  accelerated  by  the 
field  during  the  collision.  Thus  it  exits  not  at  b,  but  at  b'  some  time  A r  =  xc 
later.  As  rc  becomes  comparable  to  r,  the  mean  time  between  collisions,  this 
ICFE  will  have  a  significant  effect  on  the  transport  dynamics,  particularly  in 
the  transient-response  region. 

The  mathematical  details  of  the  ICFE  have  previously  been  given  by 
Barker  (I9S0).  so  we  shall  not  go  into  these  details  here.  Rather,  we  shall 
give  some  of  the  supportive  evidence  for  the  observability  of  the  effect.  In 
very  large  fields,  such  as  can  occur  in  SiO,  near  breakdown,  the  ICFE  can 
indeed  be  very  significant  (Ferry.  1979).  Two  major  modifications  of  the 
scattering  integral  occur  as  a  result  of  this  intracollisional  process.  Firs:,  the 
total  energv -conserving  0  function  is  broadened  by  the  presence  of  the 
electric  field.  Second,  the  threshold  energy  required  for  the  emission  of  an 
optical  phonon  is  modified,  which  causes  a  shift  (in  energv)  of  the  P 
! unction  Till'  latter  process  in  easily  understood  in  physical  terms  In  the 
cmiN'ion  of  an  optical  phonon,  where  the  electron  is  scattered  again'",  the 
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Fig.  17.  Ionization  rates  in  Si02.  The  curves  are  theoretical,  and  the  solid  curse  includes 
effects  due  to  the  intracollisional  field  effect.  The  data  are  from  Solomon  and  Klein  (1975). 
(After  Ferry.  1979.) 

electric  field,  the  field  will  absorb  a  portion  of  the  electron’s  energy  during 
the  collision,  and  hence  a  reduction  in  energy  loss  to  the  lattice  will  be 
favored.  The  opposite  effect,  an  enhancement  in  energy  loss  to  the  lattice 
occurs  for  emission  along  the  electric  field.  These  effects  can  be  incorporated 
into  the  appropriate  scattering  integrals  in  the  iterative  technique,  and  this 
has  been  carried  out.  For  electric  fields  above  5-6  x  l06Vcm.  the 
broadening  and  shift  of  the  scattering  resonances  produce  a  noticeable  effect 
upon  the  velocity-field  relationship  and  cause  a  reduction  of  the  polar 
runauav  field.  This  reduction  in  threshold  can  be  observed  in  the  impact 
ionization  rates  in  SiO-.  In  Fig.  17.  we  show  these  rates  as  measured  bv 
Solomon  and  Klein  (1975)  and  as  calculated  earlier  (Ferry.  1979).  It  is 
neces>arv  to  include  elfects  arising  from  the  ICFF  to  adequately  lit  iheorv  to 
experiment 
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Structural  dependent  electrical  characteristics  of  submicron  gallium 
arsenide  devices 
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Numerical  studies  of  the  transient  and  dc  electrical  behavior  of  submicron  N*N~N*  gallium 
arsenide  structures  are  discussed.  It  is  shown  that  the  transient  results  are  dominated,  during  the 
first  fraction  of  a  picosecond,  by  displacement  current  contributions.  Velocity  overshoot  is  less 
important.  Under  dc  conditions  and  high  bias  levels,  submicron  effects  may  be  masked  by 
transport  within  the  N  *  regions. 

PACS  numbers:  85.30.De,  72.80.Ey 
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I.  INTRODUCTION 

Recent  activities  in  the  area  of  submicron  transport  in  com¬ 
pound  semiconductor  structures  have  tended  to  focus  on  the 
two  and  three  terminal  diode.1-*  The  diode  has 

four  interfaces  along  the  principal  direction  of  transport — 
metal/N +,N+N~,  N~N+,and  the  downstream  N'1' /metal 
interface.  In  addition,  if  gate  contacts  are  included,  there  are 
the  transverse  interfaces.  It  has  been  argued  that  the  struc¬ 
ture  is  capable  of  supporting  ballistic  transport,4  space 
charge  limited  transport,5  reflections  at  the  downstream 
N~N  +  interface,  etc.  Its  dc  electrical  properties  have  been 
measured6  and  time  dependent  electrical  measurements  are 
now  possible.7  Each  of  these  experimental  studies  has  at¬ 
tempted  to  determine  whether  nonequilibrium  transient 
transport  or  velocity  overshoot  is  present  in  the  N+N~N+ 
structure.  There  has,  however,  been  uncertainty  in  the  inter¬ 
pretation  of  the  experiments,  primarily  because  the  presence 
of  injected  space  charge  can  also  yield  current  levels  in  excess 
of  the  steady  state  uniform  field  values.  Thus,  when  experi¬ 
ment  yields  higher  than  expected  current  levels,  are  they  due 
to  velocity  overshoot,  space  charge  injection,  or  some  combi¬ 
nation  thereof?  These  questions  are  addressed  in  this  paper 
through  studies  of  the  dc  and  transient  electrical  characteris¬ 
tics  of  the  N  ”  N  “  N  +  structure. 

The  studies  involve  numerical  solutions  to  the  first  three 
space  and  time  dependent  moments  of  the  Boltzmann  trans¬ 
port  equation  for  the  semiconductor  gallium  arsenide.  Each 
of  the  following  five  questions  has  been  examined:  (I)  How 
are  the  electrical  properties  of  the  N-N-N+  structure  af¬ 
fected  by  the  length  of  the  N"  region?  (2)  Will  transient 
electrical  measurements  reflect  velocity  overshoot,  or  are  the 
measurements  a  reflection  of  displacement  current  contribu¬ 
tions.  only  to  be  followed  by  a  weaker  overshoot  contribu¬ 
tion'1  (3)  How  important  is  the  shape  of  the  N  ''N-  interface, 
ns  a  ns  the  electrical  properties  of  the  structure?  (4)  What  arc 
the  consequences  of  either  deliberate  or  accidental  variations 
in  the  doping  profile?  (5|  To  what  extent  will  the  ratio  of  the 
N  */N  "  doping  level  affect  the  electrical  characteristics  of 
the  structure1  Each  of  the  five  questions  is  addressed  in  the 
discussion  below,  although  particular  attention  is  given  to 
the  tiro  two  t 


Most  of  the  calculations  performed  for  this  paper  are  for 
the  one  dimensional  structure  of  Fig.  1,  in  which  the  N“ 
region  is  assigned  a  nominal  doping  level  of  10,5/cm3  and  the 
N+  region  is  at  1017  cm3.  There  are  conceptual  problems 
with  this  jellium  model,  particularly  on  the  submicron 
scale,*  but  they  are  ignored  here.  The  length  of  the  S~  re¬ 
gion  is  specified  at  the  doping  level  of  l0,6/cm3  and  varied 
from  0.4 1 6  to  0. 1 1 6gr .  The  entire  structure  is  fixed  at  a  length 
of  1 .0/i.  The  design  of  the  structure  dictates  that  nonuniform 
fields  and  charge  densities  form  within  it.  Thus,  the  relevant 
quantity  that  relates  to  experiment  is  current  density 
J  [t )  =  —  eN  (x,f  )V[x,t ),  rather  than  velocity.  It  is  here  that 
one  of  the  more  significant  aspects  of  the  study  appears.  A 


Fl<;  I  (af  Sketch  <»f  the  S  N  N  *  siruciurr  for  the  simulations  it?1 
Profile  o! •  Jopirv  lev  r  ’  hi  thr  vrn:.;'  ~  0V~.. 
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summary  of  the  results  follow*  and  is  supported  by  ihc  de¬ 
tailed  description  of  the  calculations. 

II.  BRIEF  SUMMARY  OF  RESULTS 

For  the  time  dependent  calculations,  the  current  transient 
shows  an  ostensible  similarity  to  that  commonly  regarded  as 
the  signature  of  velocity  overshoot.  For  the  latter  the  mean 
carrier  velocity  showsa  rapid  rise  toa  peak  value  in  excess  of 
the  steady  state  value.  After  a  time  duration  of  a  fraction  of  a 
picosecond,  the  velocity  descends  toward  its  equilibrium 
steady  state  value.  This  decrease  is  associated  with  differ¬ 
ences  between  the  energy  and  momentum  scattering  rates 
and  is  enhanced  through  electron  transfer.  For  the 
N*N~N*  structure,  there  is  a  similar  transient  associated 
with  the  current  density  where  the  peak  current  is  reached 
within  a  fraction  of  a  picosecond.  Here,  however,  the  calcu¬ 
lations  show  that  initial  transient  is  associated  primarily 
with  the  rearrangement  of  the  selfconsistently  calculated  in¬ 
ternal  electric  held.  The  initial  current  transient  is  thus  pri¬ 
marily  due  to  displacement  current  effects.  Transient  over¬ 
shoot  contributions  while  present,  become  effective  at  later 
times  and  are  significantly  below  their  uniform  held  predic¬ 
tions. 

Steady  state,  time  independent  solutions  are  also  ob¬ 
tained.  These  are  the  “long-time"  solutions  following  the 
transient.  In  determining  the  time  constants  involved  in  the 
approach  toward  steady  state,  it  is  noted  that  momentum 
relaxation  often  occurs  within  a  picosecond  time  frame, 
while  energy  relaxation  takes  somewhat  longer.  For  the  cal¬ 
culations  with  Ls .  =  0.416/i,  steady  state  in  the  presence  of 
nonuniform  fields  occurs  after  a  time-duration  of  approxi¬ 
mately  13  ps.  The  steady  state  solutions  show  the  excess 
carrier  velocities  discussed  by  the  present  authors1  and  oth¬ 
ers.3-*  Of  importance  here  are  the  steady  state  current  vol¬ 
tage  characteristics  which  display  the  anticipated  nonlinear 
behavior  associated  with  space  charge  injection  and  field  de¬ 
pendent  mobilities. 

Because  of  the  intuitive  relation  between  the  space  charge 
injection  properties  of  the  submicron  N*N~N*  structure 
and  those  associated  with  Child's  law,  a  power  law  J  a  i!>r 
was  extracted.  For  the  N^N’N*  structures  the  calcula¬ 
tions  revealed  a  low-  voltage  power  law  where  y>  1.5,  as  com¬ 
pared  to  the  Child's  law  relation  where  y  =  1.5.  For  higher 
bias  levels,  the  power  law  was  considerably  below  1 .5  and  is  a 
consequence  of  the  field  dependent  mobility  of  the  gamma 
'  alley  in  gallium  arsenide  and  the  presence  of  electron  trans¬ 
fer.  The  extent  to  which  a  reduction  in  the  rate  of  charge 
injection  into  the  N  -  region  is  contributing  to  the  decreased 
power  law  was  not  determined. 

It  is  important  to  note  that  the  detailed  transient  reported 
in  this  studs  is  tor  the  N*N-N-  structure.  It  would  be 
incorrect  to  assume  that  the  transient  would  be  similar  to. 
e  g..  a  uniformly  doped  structure  with  nonuniformities  re¬ 
sulting  from  boundary  conditions  that  reflected,  e  g.,  the 
presence  of  the  metal  contact  Calculations  for  the  tatter 
structure  hair  been  completed’*  and  while  the  initial  tran¬ 
sient  reflects  both  displacement  and  conduction  current  con¬ 
tributions.  the  details  of  the  time  transients  are  dependent  in 
.  '  ••  .0  :-  ■-  >:i  -|-,  •  ho  .  .  ta;\  conditions 


Another  important  feature  concerns  the  presence  of  nega¬ 
tive  differential  conductance.  It  is  known  from  uniform  field 
studies  that  the  long-time  asymptotic  solutions  to  the  gov. 
erring  equations  exhibit  the  presence  of  negative  differential  ] 

mobility  in  the  field  dependent  velocity.  For  the  calculations  , 

reported  below,  in  which  current  density  rather  than  veloc-  < 

ity  is  sought  and  where  the  fields  are  nonunifonnty  distribut¬ 
ed,  there  was  no  evidence  of negative  differential  conductivity. 

III.  THE  NUMERICAL  SIMULATIONS 

The  nonuniform  field  calculations  were  performed  for 
gallium  arsenide  subject  to  two-level  transfer  with  the  pa¬ 
rameters  listed  in  Table  I.  The  restriction  to  two-level  trans¬ 
fer  is  computational.  For  one-dimensional  problems,  seven 
partial  differential  equations  including  Poisson's  equations 
are  solved.  For  three-level  transfer,  three  additional  equa¬ 
tions  are  required  for  one-dimensional  constraints.  Further, 
for  the  range  of  electric  field  values  considered  in  this  paper,  j 

transfer  to  the  X  valley  is  relatively  insignificant.  ! 

For  the  parameters  of  Table  I,  the  transient  and  steady  | 

state  calculations  were  performed  for  six  different  values  of 
bias;  from  0.25  to  1.5  V,  in  steps  of  0.25  V.  The  scattering  j 

events  considered  in  the  calculation  are  listed  in  Table  I. 

Ionized  impurity  scattering  was  ignored,  as  it  would  be  insig¬ 
nificant  within  the  N  “  region.  Its  contributions  would,  how¬ 
ever,  be  of  importance  within  the  heavily  doped  surrounding 
regimes.  Thus,  the  current  levels  achieved  in  this  calculation 
will  tend  to  be  somewhat  optimistic. 

The  equations  used  in  the  study  have  been  discussed  ear¬ 
lier  and  are 


dn, 

—  +  V  •  (v, ■/!,■)  = 
dt 


dt 


V-(v,P.) 


=  —  ert,F  —  grad  n:kT,  —  div  a 


—  IV  +  V  •  v,  IV 
dt 

-  —  ert ,F •  v,  —  V  •  r,n,A:7~  —  div  <xX  v, 


(1) 


(2) 


for  particle,  momentum,  and  energy  balance,  respectively. 
In  Eqs.  (2)  and  (a.  P,  =  n,m,t -.  W',  =n,(l/ '2m,  c; 
4-  3/2 k  T, ).  a  is  a  stress  tensor  and  is  of  the  form  to  repre¬ 
sent  a  flow  of  "heat."  Str.cily.  both  of  these  terms  arise  from 
the  nonspherical  nature  o:  the  distribution  function  11 1  hey 
are  treated  phenomenologically  through  equivalent  macro¬ 
scopic  constitutive  relations 


Q,  =  —  *  grad  7j  . 


!->( 

<5| 


Justification  for  the  use  of  Eqs.  (4)  and  if)  is  considered  else¬ 
where.  It  is  noted  that  •;  is  dimensionally  a  viscous  coeffi¬ 
cient  and  *  is  dimeiisi  —  ills  a  thermal  conductivity  coetti 
I  •  v  i!i:  -.  -  1:  ■  -  '.  r  I  •  ! 


TtiaL 


Number  of  equivalent 
valleys 

1  4 

Effective  maaa  (at.) 
r~L  separation  (ev| 

0.067  0.222 

0.33 

Polar  Optical  Scattering 

Static  dielectric  constant 

12.90 

High  frequency  dielectric  constant 

10.92 

LO  phonon  (ev| 

r -L  Scattering 

0.0354 

Coupling  constant  (ev/ctn) 

0.800X10* 

Phonon  energy  (ev| 

C-L  Scattering 

0.0271 

Coupling  constant  |ev/cm) 

2.0X10* 

Phonon  energy  (ev) 

0.0154 

O 

Acoustic  Scattering 

Deformation  potential  (cv| 

7.0  9.2 

Nonpolar  Scattering  ( L ) 

Coupling  constant  (ev/cm) 

0.300 X 10* 

Phonon  energy  (ev| 

0.0341 

o 

Miscellaneous 

Viscosity  coefficient  (D 

I.ISXIO-Vcms 

. 

Thermal  condition  coefficient  (f) 

4.14X10-*  J/cmsK 

1 

o 

Boundary  Conditions 

x  -  0 

x  —  L 

ttT  =  10'Vcm’ 

Second  derivatives  of  all  quantities 
are  zero  except  the  potential,  which 

» 

Nr  5=  equilibrium  value 
d 1  vr 

—L  m  vL  =  f  =  0 

is  specified. 

© 

3x'  L 

Tr  =  Tl  =  300  K 

In  addition.  Poisson’s  equation  is  solved 


V-d  =_(nr  - nL  -nQ), 
€ 


where  nr,  nL,  a  r.i  n0  denote  the  population  of  the  L,  and 
background  lev  c!s  With  the  incorporation  of  Eqs.  (4)  and  (5), 
the  momentum  and  energy  balance  equations  become  sec¬ 
ond  order  in  velocity  and  temperature.  Solutions  to  these 
equations  for  the  set  of  boundary  conditions  listed  in  Table  I 
provide  the  total  current  through  the  device  which  is  written 
as 

■/  (r  I  =  -  e[r,ri  r  +  n,  v,)  +  (  —  .  (7) 

dt 

An  external  circuit  is  not  included  in  these  calculations. 

The  first  set  of  results  is  shown  tn  Fig.  2.  Figure  2(a)  dis¬ 
play  s  the  total  current  flowing  through  the  device  following 
application  ota  •  luge  pulse  of  magnitude  I  0  V,  The  calcu¬ 


lation  is  performed  in  two  stages.  The  first  involves  obtaining 
a  steady  state  solution  at  0  0 1  V.  For  the  second,  using  this  as 
an  initial  condition  the  bias  is  raised  in  one  time  step,  to  1.0 
V.  Application  of  the  bias  in  one  time  step  replicates  the 
procedure  of  most  of  the  uniform  field  calculations. 

As  seen  in  Fig.  2,  the  current  displays  an  initial  peak  at 
approximately  0. 1 5  ps.  follow-ed  by  a  drop  in  current  and  a 
subsequent  rise  toward  a  steady  state  value.  For  uniform 
field  calculations  in  which  the  voltage  is  increased  in  one 
time  step,  there  is  an  initial  displacement  current  whose 
magnitude  is  determined  enurely  by  the  computational  time 
step.  Thereafter,  all  displacement  currenis  are  zero  and  all 
transients  are  particle  current  transients  (It  is  noted  that 
with  a  load  line,  displacement  currenis  would  exist .1  The 
situation  with  the  nonunifomi  field  calculation  and  displace¬ 
ment  current  contributions  is  different  Figure  2ib  displays 
the  total  current  throng-  ;  he  dev  ice  fit  i'  i  repeal  of  F :  r  Iial) 
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Fig.  2.  (a)  Toul  current  vs  time  following  application  of  a  bias  of  1 .0  V  to  the 
N*N“N*  structure  with  LH .  =  0.4 16^.  (b)  Toul  current  vs  time  follow¬ 
ing  application  of  a  bias  of  1.0  V  to  the  N  * N  ~N  *  structure  with  C 
-  0.4|6/j| — ).  Panicle  current  at  position  0.200 /a(— •— ).  Panicle  current  at 
position 0. 500 /i  (-▲-).  =  1.6x10*  A/cm!. 


and  the  panicle  current  at  two  different  locations  within  the 
st  ructure — 0. 200  and  0. 500 ft.  The  magnitudes  of  the  particle 
current  indicate  that  the  initial  transient  is  strongly  in- 
fiuenced  by  displacement  current  contributions  and  that  it 
would  be  inappropriate  to  assume  that  the  initial  current  tran¬ 
sient  is  a  measure  of  velocity  overshoot. 

The  details  of  the  transient,  specifically  as  it  relates  to 
displacement  current  contributions,  are  reflected  in  the  time 
dependence  of  the  electric  field  and  potential  profiles  (Fig.  3) 
and  the  spatially  dependent  charge  density  profiles  {Fig.  4). 
It  is  noted,  however,  that  asir.  the  uniform  field  calculations, 
immediately  following  the  voltage  step  the  electric  field  in¬ 
creases  every  where  by  the  ratio  of  the  applied  bias  to  the 
length  of  the  structure,  in  this  case  10  kV/cm.  This  initial 
increase  introduces  a  displacement  current  whose  magni¬ 
tude  d«v>  n c  ’erectly  represent  the  physical  transient,  but 
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Fig.  3.  (a)  Electric  field  and  It:  potential  vs  distance  profiles  at  different 
instants  in  lime.  Calculation  is  is:  the  N'N"N*  structure  “•ith  f-N . 
=  0.416/;  C  =  t.O  V. 


rather  the  impulsive  charge  in  the  applied  potential  over  a 
single,  small  but  finite  time  step  Physically  accurate  calcula¬ 
tions  follow  the  initial  time  step  and  are  discussed  below-. 

Prior  to  the  application  of  the  step  potential  a  retarding 
field  is  formed  at  the  upstream  N*N~  interlace  limiting 
further  injection  of  space  charge  into  the  N"  region  This 
retarding  field,  which  at  its  maximum  is  positive  in  sign,  is 
significantly  reduced  follow  mg  application  of  the  step  poten¬ 
tial;  carrier  injection  into  the  N  ~  region  is  thereby  resumed 
Two  events  accompany  this  enhanced  injection  First,  to  ac¬ 
commodate  the  mere.!'.-'  cha: cr  within  N  -.-cnv 
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Fio  *  l-il  The  sir.K  as  in  Fig.  3,  but  for  the  toul  carrier  density  and  (b) 
(Jtcllitr  earner  J.-n-uy.  ,V0  denotes  the  background  doping  profile. 


Fig.  5.  (a)  The  same  as  in  Fig.  3.  but  for  the  velocity  and  (b|  temperature 
carriers  in  the  gamma  valley. 


>•'“  dictates  that  the  electric  field  within  the  region 
mu>t  become  increasingly  negative.  Second,  the  space 
charge  iuiootiott  is  self-limiting  in  that  as  the  process  of  injec- 
,.A,„  puvewis.  the  retarding  field  begins  to  reform  and  posi- 
•  x  c  field  '  -tines  result  at  the  upstream  N  *  N  ~  interface.  The 
process  of  .in  increased  and  positive  retarding  field  accompa¬ 
nied  by  an  increasingly  negative  field  within  the  N"  region 
and  the  constraint  of  the  fixed  potential  leads  to  the  spatially 
dependent  displacement  currents  inferred  from  Fig.  2(b).  it 
Mi,um  that  in  a  steady  state  a  significant  amount  of  injected 
ch.uce  resides  at  the  downstream  N"N  *  interface  and  re- 
,'j!t'  in  the  presence  of  a  downstream  retarding  field. 

\'.<i  withstanding  the  displacement  current  contributions, 
. .  determine  the  extent  to  which  the  carrier 


velocity  can  exceed  the  equilibrium  values.  For  the  structure 
considered  herein  with  L  .  =  0.416/a,  most  of  the  current 
is  transported  by  the  gamma  valley  carriers  For  this  case, 
the  mean  carrier  velocity  thereby  exceeds  the  steady  state 
value.  This  is  seen  in  Fig.  5.  which  also  includes  a  plot  of  the 
gamma  valley  temperature.  The  steady  state  distribution  is 
qualitatively  similar  to  that  reported  in  a  number  of  different 
studies.1'3  In  particular,  the  presence  of  a  local  cooling  at  the 
N  *  N  “  interface  is  noted  1 1 

There  are  several  noteworthy  features  associated  w  uh  Fig 
5.  First,  there  is  the  progressive  movement  of  the  velocity 
layer  toward  the  downstream  N  “  N  "  interface  This  migra¬ 
tion  is  associated  with  the  spatial  and  temporal  derivatives 
on  the  left-hand  side  of  F.c  2  S-\<>rul.  there  is  a  progressive 
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Fig.  6.  Time  dependent  tout  tad  gamma 
valley  carrier  density  at  two  poinu. 
a » 0.200  and  0.500  pm  within 
N*N'N*  structure  with  LH  *»  0.416 
ps.  *=  1.0  V. 
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decrease  in  the  velocity  in  the  N*  regions  as  dictated  by  the 
decreasing  field  within  these  regions.  Indeed,  the  possibility 
exists  for  the  carriers  to  sustain  a  transient  separation  at  the 
N+N"  interface,  with  carriers  on  the  upstream  portion  of 
the  interface  moving  toward  the  cathode  and  carriers  at  the 
downstream  portion  of  the  interface  moving  toward  the 
downstream  boundary.  This  separation  is  accompanied  by 
compensating  displacement  current  contributions. 

The  results  clearly  indicate  the  presence  of  velocity  over¬ 
shoot  under  nonuniform  field  conditions.  Under  uniform 
field  conditions,  the  transient  following  the  peak  velocity  is 
dominated  by  electron  transfer.  The  question  of  interest  thus 
becomes  “Does  similar  phenomena  occur  when  nonuniform 
fields  are  present?" 

Figure  6  is  a  plot  of  the  time  evolution  of  the  total  carrier 
density  and  the  gamma  valley  carrier  density  at  two  points 
within  the  N~N-N"‘  structure.  It  is  seen  that  at  the  up¬ 
stream  portion  of  the  structure  very  little  transfer  occurs. 
Most  of  the  transfer  is  at  the  downstream  portion  of  the 
structure.  One  necessary  conclusion  of  this  study  is  that  the 
uniform  field  calculations  bear  little  resemblance  to  the  tran¬ 
sients  occurring  in  the  .V  *.V  _.V  *  structure. 

The  situation  as  described  above  depicts  the  transient  so¬ 
lution  in  detail  for  the  N**N“N*  structure  of  Fig.  1.  Of 
additional  interest  are  transients  for  structures  with  smaller 
N~  regions  and  for  uniformly  doped  materials  with  metal 
contacts  or  heterostructures  abutting  the  active  region.  The 
former  tvs o  studies  have  been  completed  and  will  be  reported 
at  a  later  time  Of  equal  significance  and  discussed  next  arc 
the  dc  current-voltage  relations  and  their  dependenceon  the 
length  of  the  N  "  region 

It  is  expected  that  the  shorter  the  active  region  the  higher 
the  dc  drive  current  1  *  Most  discussions  associated  wiih  this 
increased  dn-e  current  are  based  on  the  lac!  that  electron 
•r  •••-•Vf  -c : -  are  m  n-i’e.t  What  is  generally  ignored  is 

• . :  u  I  et.!  .itis.'\  !i ,i:::  t he 


excess  charge  injected  into  the  N~  region.  This  point  was 
also  made  in  Ref.  3  where  the  dependence  of  current  and 
voltage  on  N-  region  length  was  also  examined.  A  second 
point  of  importance  concerns  determining  which  portion  of 
the  structure  dominates  its  transport.  It  may  be  intuitively 
expected  that  for  the  structure  considered  it  is  the  N  “  region 
that  dominates.  This  appears  to  be  the  case  for  the  above 
discussion.  But  one  may  expect  that  for  a  sufficiently  small 
N  ~  region,  no  single  region  dominates.  In  the  calculations 
reported  here,  the  absence  of  a  single  dominating  region  be¬ 
comes  apparent  at  higher  voltage  levels  and  for  the  case 
when  Ls  =  0. 1 16/a.  Here,  variations  in  the  total  charge  den¬ 
sity  tend  to  screen  variations  in  the  doping  profile  of  the 
structure,  and  the  potential  drop  across  the  N~  region  is 
small  enough  to  allow  a  substantial  drop  across  the  down¬ 
stream  N*  regions.  Electron  transfer  occurs  a  way  from  the 
N  -  region.  This,  of  course,  is  not  unexpected.  It  is  implicit  in 
the  design  of  Gunn  oscillators  with  doping  variations  as¬ 
signed  the  task  of  domain  nucleation  sites.  The  current-vol¬ 
tage  characteristics  are,  therefore,  expected  to  reflect  a  com¬ 
plex  set  of  electrical  phenomena.  These  are  displayed  in  Fig 
7. 

Figure  7  displays  a  senes  ofeurrent  versus  voltage  curves 
for  N ~ N “ N *  structures  with  the  indicated  N~  region 
length  Each  curve  display  >  J  :‘J,r,  vs  d/i!„.  J ..  is  the  com¬ 
puted  value  of  current  a;  t ...  ~  0  25  is  ir  :.  rated  in  the 
figure  caption  As  discussed  above  it  is  note  a  that  J,ri  in¬ 
creases  as  the  N  region,  decreases  i-  lengtr.  At  low  bia- 
level's,  the  current -voltage  relation  apj,ears  fallow  a  pow¬ 
er  relation  that  is  slightly  lew  than  J  /J,,  =  i with 
y  —  I  S  At  higher  vahi.->  ■'!>;.•■,  there  is  con>  ar'able  sublu:- 
eanlv  in  the  current-voltage  relation  due  in  par.  to  electron, 
transfer  to  the  satellite  v  a ! !  ;■.  s  Electron  trance:  is  also  oc¬ 
curring  w  nhui  the  S  '  rec:  ■; . -if  the  dev  ice  In..-  thecurves 
w  Ini-.-  oi  .li-.tlii:  uu.n.t-  -  -  ir.in.,;-.  m.-."  ■  eleclii.a 
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FiC.  7.  Steady  state  current  «t  voltage  foe  N*N~N*  structures  Vindicated 
length.  J.  m  |.< x  I04  A/cm\  #,  «  1.0  V. 

As  indicated  above,  a  considerable  amount  of  electron 
transfer  occurs  in  the  downstream  portion  of  the  N  +  region 
when  the  N~  region  is  decreased  in  length.  Indeed,  the  de¬ 
tailed  calculations  indicate  that  the  relative  amount  of  elec¬ 
tron  transfer  increases  as  the  N~  region  decreases  in  length. 
At  first  glance,  this  result  appears  to  contradict  all  that  has 
been  discussed  about  transport  in  submicron  devices.  But  it 
is  not  unusual  when  it  is  realized  that  as  the  N~  region  de¬ 
creases  in  length  a  greater  fraction  of  the  voltage  drop  falls 
across  the  N*  regions  of  the  device.  It  is  this  latter  feature 
that  is  responsible  for  the  enhanced  transfer.  To  place  this  in 
different  terms,  the  active  region  length  of  the  device  in¬ 
creases  as  the  N"  region  becomes  insignificantly  small. 

One  question  of  immediate  interest  is,  therefore,  how  does 
one  retain  submicron  features  while  decreasing  the  length  of 
the  N~  region?  Heterostructure  confinement  offers  one  pos¬ 
sibility.  A  second,  which  we  have  not  yet  explored  involves 
increasing  the  magnitude  of  the  N~  region  doping,  thereby 
reducing  the  potential  drop  across  that  region.  It  must  also 
be  noted  that  impurity  scattering  has  been  ignored  here.  This 
type  of  scattering  is  likely  to  alter  the  low  field  results.  At 
high  values  of  electric  field  impurity  scattering  is  less  effec¬ 
tive  and  the  results  obtained  above  are  likely  to  be  qualita¬ 
tively  correct.  Inclusion  of  the  effects  of  ionized  impurity 
scattering  is  currently  in  progress. 

A  final  question  of  interest  concerns  the  sensitivity  of  the 
results  to  structural  changes  in  the  doping  profile.  A  set  of 
calculations  were  performed  for  the  N"' N”N"  structure  in 
which  the  N“  region  decreased  linearly  from  10u/cmJ  to 


lO'Vcm*  over  a  distance  of  0.271  /i.  The  initial  transient 
contained  significant  displacement  current  contributions 
and  provides  further  evidence  for  its  importance.  In  another 
case,  the  structure  of  the  N “  region  was  altered  by  incorpor¬ 
ating  a  local  region  of  higher  donor  density  within  the  N~ 
region.  The  donor  density  was  increased  to  lO'Vcm’  over  a 
distance  of  0.03 /z  and  resulted  in  a  current  increase  of  I  S% 
over  the  unaltered  region  calculation.  A  reduction  in  donor 
density  over  the  same  region  to  a  value  of  10'Vcm*  offered 
no  current  changes  of  any  significance  for  the  range  of  bias 
level  studied.  The  result  will  be  reported  in  detail  at  a  later 
time. 

IV.  CONCLUSIONS 

To  summarize,  a  broad  range  of  numerical  calculations 
have  been  performed  for  the  N  *  N  “  N  *  structure  which  sus¬ 
tains  a  highly  nonuniform  distribution  of  charge  and  poten¬ 
tial.  Both  transient  and  steady  state  calculations  have  been 
performed  and  discussed.  There  are  two  significant  observa¬ 
tions  of  this  study:  (i)  displacement  currents  dominate  the 
initial  transients;  and  (ii)  the  current  voltage  characteristics 
reflect  both  space  charge  injection  and  electron  transfer. 
Electron  transfer  may  dominate  for  both  long  and  very  short 
N-  regions. 
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I.  INTRODUCTION 

It  is  now  generally  accepted  that  electrical  instabilities  in  bulk  III  -  V 
semiconductors  are  controlled  by  the  details  of  the  boundary  as  well  as 
details  of  the  interior  regions.  By  boundary  we  mean  the  metal - 

*  This  study  was  supported  by  ONR  and  DaRPa. 
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semiconductor  interface,  the  n+-n~  interface,  the  semiconductor- vacuum' 
interface,  etc.  The  situation  with  submicrometer  devices  is  such  that,  by 
virtue  of  the  thin  interior  region,  the  interface  is  expected  to  exercise  prind-j 
pie  control  over  transport  within  the  semiconductor  and  devices  constructed 
thereof. 

Transport  within  any  device,  particularly  with  regard  to  boundaries  is 
three  dimensional.  The  distribution  function  within  the  device  mirrors  scat¬ 
tering  events  at  the  boundaries,  particle  confinement,  and  a  host  of  detailed  , 
surface  properties.  Difficulties  arise  simply  in  describing  the  role  of  the: 
boundary  theoretically  and  identifying  its  influence  experimentally.  In  this 
volume,  there  are  several  chapters  dealing  with  the  role  of  the  boundary  for 
transport  parallel  to  the  interface.  Here,  however,  the  discussion  will  be 
confined  to  transport  normal  to  the  interface.  Particular  emphasis  will  rest 
with  identifying  the  role  of  the  boundary  in  controlling  transport  in  near- 
and  submicrometer-length  devices. 

In  examining  the  role  of  the  boundary,  cognizance  is  taken  of  the  chapter 
by  Hess  el  at  ( 1  ]  on  the  dependence  of  transport  on  the  energy  and  velocity 
distribution  of  electrons  entering  a  uniform  field  region.  In  the  discussion 
below,  however,  emphasis  is  on  spatially  dependent  transport  in  which  both 
the  space  charge  and  the  field  distribution  within  the  device  are  nonuniform.  ’ 
The  reason  for  including  nonuniformities  in  the  discussion  is  that  they  are 
consequences  of  the  presence  of  contacts  and/or  the  existence  of  nonuni¬ 
formities  in  the  doping  profile.  The  significance  of  including  them  in  the 
study  lies  in  the  fact  that  transient  effects  in  the  presence  of  spatial  inhomo- 
genieties  are  both  qualitatively  and  quantitatively  different  from  those  cal¬ 
culated  under  uniform  field  conditions.  Several  examples  illustrate  these 
differences.  First,  under  uniform  field  conditions,  long-time  steady  state 
velocities  show  the  presence  of  a  dc  negative  differential  conductivity  in 
gallium  arsenide  arising  from  electron  transfer.  Under  nonuniform  field 
conditions  where  current  rather  than  velocity  is  the  relevant  quantity,  calcu¬ 
lations  for  devices  with  injecting,  partially  blocking  contacts  and  highly 
nonuniform  n+-n~-n+  structures  show  highly  nonlinear  current -voltage 
(/-  l')  relationships.  These  I-  V characterizations  do  not,  however,  display 
negative  differential  conductivity.*  Another  point  of  importance  involves 
the  character  of  the  transient.  For  uniform  fields  the  signature  of  velocity 
overshoot  lies  in  an  initial  high  peak  velocity  followed  by  electron  transfer 
and  a  rapid  settling  toward  steady  state.  Under  nonuniform  field  conditions, 
the  initial  transient  is  dependent  upon  the  structure  of  the  device.  For  n*- 

•  The  absence  of  dc  negative  differentia!  conductivity  (NDC)  from  the  calculations  reported 
later  does  not  imply  the  universal  absence  ofdc  NDC  from  transferred  electron  semiconductors. 
It  is  possible  to  envision  the  maiheinancal  possibility  of  a  boundary  with  a  region  of  NDC, 
which  when  coupled  to  a  transferred  electron  semiconductor,  will  yield  dc  NDC. 
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n~-n+  regions,  the  initial  transient  sustains  major  position-dependent  dis¬ 
placement  current  contributions.  These  displacement  current  contributions 
arise  from  the  internal  rearrangement  of  electric  fields  and  have  the  effect  of 
increasing  the  lapsed  time  before  the  field  reaches  its  steady  state  value.  This 
results  in  a  decreased  velocity  overshoot  transient  but  not  a  decreased  spatial 
overshoot,  as  discussed  below. 

In  another  matter,  it  must  be  recognized  that  the  role  of  metal  boundaries 
and/or  properly  designed  heterostructure  interfaces  is  significantly  different 
than  the  role  of  the  n+-n  or  n-n*  interface  on  device  operation.  The  key 
element  here,  even  for  transport  normal  to  the  interface,  may  be  carrier 
confinement  A  0.2S-/rm  structure  with  carriers  confined  to  this  region  will 
behave  differently  than  a  1 -/un-long  n+-n~-n+  element  in  which  the  n~ 
region  is  only  0.25  /tm  in  length.  For  the  n+-n~-n+  structure  at  sufficiently 
high  fields  enough  of  the  potential  can  fall  across  the  downstream  n*  region 
to  cause  it  to  maintain  high  current  densities  and  electron  transfer. 

A  key  element  in  the  study  of  these  electron  devices  lies  in  the  description 
of  the  interface  and  how  it  is  modeled.  Here,  it  may  be  argued  that  there  are 
several  philosophical  approaches  that  we  may  take.  In  one-dimensional 
descriptions,  the  metal  -  semiconductor  interface  may  be  treated  as  a  mathe¬ 
matical  boundary,  with  the  variables  chosen  to  represent  the  boundary  dic¬ 
tated  by  the  form  of  differential  equations  chosen  to  describe  transport 
within  the  semiconductor.  For  example,  in  the  drift  and  diffusion  formula¬ 
tion  of  transport,  the  equation  for  total  current  is  often  expressed  in  terms  of 
a  second-order  partial  differential  equation  in  field.  Thus,  the  boundary 
condition  involves  specifying  the  field  at  the  cathode  and  anode.  In  one  study 
(2]  the  electric  field  was  specified  as  a  time-independent  value  and  the  result¬ 
ing  dc  current  voltage  characteristic  and  time-dependent  behavior,  when  it 
occurred,  was  shown  to  be  a  sensitive  function  of  the  chosen  boundary  value. 
More  general  discussions  have  included  a  time-dependent  cathode  field  [3] — - 

Another  point  of  view  may  tend  to  ignore  the  mathematical  boundary  as 
an  appropriate  representation  of  the  interface  effect.  Instead,  at  a  position  far 
removed  from  the  boundary,  an  effective  field  may  be  introduced  to  account 
for  the  consequences  of  e.g.,  a  dipole  layer,  or  indeed  the  dipole  layer  may  be 
introduced  [4],  The  region  must  then  be  coupled  to  a  set  of  time-dependent 
rate  equations  that  account  for  either  thermionic  emission  or  field-assisted 
tunneling  through  the  generated  barrier  [5]. 

Independent  of  the  point  of  view  taken  to  model  the  effect  of  the  interface 
in  the  presence  of  an  applied  field,  the  carriers  will  enter  the  semiconductor 
with  a  well-defined  distribution  of  energies  that  are  likely  to  be  significantly 
different  from  those  far  from  the  interface.  A  case  in  point  is  gallium  arsenide 
where  the  following  question  may  be  asked.  When  the  distribution  of  ear¬ 
ners,  velocity,  and  energy  in  the  T,  L,  and  X  valleys  are  known  at  the  up  and 
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downstream  interface,  then  through  solution  to  the  governing  interior  equa¬ 
tions,  it  may  be  expected  that  the  current -voltage  relation  and  transient 
behavior  of  the  structure  in  principle  is  predictable;  given  this,  cah  the 
obverse  side  be  seen?  Namely,  can  we  extract  from  a  given  set  of  electrical 
measurements  on  near-  and  submicrometer  structures  a  family  of  interfacial 
characteristics  within  which  material  variations  lead  to  predictive  device 
behavior.  This  approach  is  clearly  iterative  and  has  been  attempted.  It  may 
also  be  necessary  if  we  have  any  hopes  of  engineering  structures  for  high¬ 
speed  applications.  Indeed,  there  are  already  indications  that  this  approach 
may  be  successful.  The  evidence  lies  in  the  success  of  the  boundary  field 
models  to  explain,  on  one  level,  the  broad  range  of  electrical  behavior  of 
gallium  arsenide  and  indium  phosphide  [6]  and  the  apparent  relationship  of 
these  boundary  field  models  to  the  energy,  momentum,  and  carrier  distribu¬ 
tion  of  entering  electrons. 

The  preceding  discussion  expresses  the  construction  and  viewpoint  of  this 
chapter.  Namely,  device  boundaries  and  interfaces  dictate  that  transport 
must  reflect  their  presence.  The  purpose  of  this  chapter  is  to  illustrate  this. 
The  discussion  is  separated  into  two  distinct  parts,  with  the  first  part  dealing 
with  the  equations  governing  near-  and  submicrometer  transport.  The  de¬ 
scription  of  transport  is  through  moments  of  the  Boltzmann  transport  equa¬ 
tion.  The  second  part  of  the  discussion  deals  with  boundary-  and  length-de- 
pendent  transport.  Initially,  several  uniform  field  transient  calculations  are 
included  to  introduce  the  language  of  transient  transport  and  to  form  a  basis 
for  comparison  with  the  nonuniform  field  results. 

The  nonuniform  field  results  are  discussed  in  Section  Ill.  Here,  two  dis¬ 
tinct  classes  of  devices  are  considered.  The  first  consists  of  a  uniformly  doped 
structure  in  which  all  space  charge  nonuniformities  arise  from  variations  in 
the  upstream  boundary  (cathode)  conditions.  The  second  device  structure  is 
the  n+-n~-n*  structure  in  which  nonuniformities  in  the  space  charge  arise 
primarily  from  the  n+-n~  and  n~-n+  interfaces.  Transient  calculations 
with  both  structures  show  distinct  local  displacement  current  contributions, 
which  will  camouflage,  in  many  cases,  the  presence  of  transient  overshoot. 

A  brief  summary  of  the  basic  findings  of  the  study  is  contained  in 
Section  IV. 


II.  TRANSPORT  THROUGH  MOMENT  OF  THE  BOLTZMANN 
TRANSPORT  EQUATION 

Spatial  and  temporal  transients  are  determined  through  solution  to  a  set  of 
coupled  equations.  These  include  Poisson’s  equation 

=  +( e/cXn  -  n0). 


(1) 
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where  ^  is  a  prespecified  background  concentration  and  n  denotes  the  free 
carrier  contribution  arising  from  various  portions  of  the  conduction  band. 
For  the  discussion  below,  only  two  sections  of  the  conduction  band  are 
considered,  T  and  L.  Thus, 

n  ■=  n,  +  n2,  (2) 

where  n,  designates  the  population  of  the  T  valley  and  n2  the  population  of 
the  L  valley. 

Poisson’s  equation  is  coupled  to  the  first  three  moments  of  the  Boltzmann 
transport  equation,  the  first  set  of  which  involves  continuity.  For  the  T  valley 
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where  F,  denotes  the  rate  at  which  carriers  are  scattered  from  the  T  valley  to 
all  sections  of  the  L  valley  and  T2  denotes  return  scattering.  It  is  noted  that  for 
parabolic  bands,  we  assume 


hk{  *=  mxV{. 


(4) 


An  equation  similar  to  Eq.  (3)  describes  transient  population  changes  in  the 
L  valley.  When  the  two  are  combined,  a  global  continuity  equation  results. 
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The  quantity 


nx(hk\  /m,)  +  (n-  nt){hk{/m2)  =  O  (6) 

is  the  velocity  flux  density  of  the  system.  It  is  convenient  to  relate  this  term  to 
a  mean  spatially  dependent  drift  velocity 


V>  =  O /n. 


(7) 


It  is  noted  that  the  total  current  density, 

J>  =  -  eC1  +  €  (dFJ/dt),  (8) 

is  conserved;  i.e.. 


dJ'/dx,  =  0. 


(9) 


The  second  pair  of  moment  equations  is  that  of  momentum  balance.  For  the 
f-valley  carrier 


I",***"- <|0) 

Here,  r3  represents  the  net  rate  of  momentum  scattering  and  represents 
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the  components  of  the  pressure  tensor 

<  =  f(k-  k,),(k  ~  k,)/r/k.  (II) 

For  the  situation  in  which /represents  a  displaced  Maxwellian 

<  -  «|kBr,4.  (12) 

where  T,  is  the  electron  temperature  of  the  T-valley  carriers.  For  the  situa¬ 
tion  in  which  there  are  nonspherical  contributions  to  f  additional  diagonal 
as  well  as  off-diagonal  components  of  the  pressure  tensor  arise.  For  the 
following  calculations,  the  distribution  function  has  been  generalized  from 
the  displaced  Maxwellian 


/o  =  A  exp [-HH.k  -  A:,)I/2mlks7',] 
into  the  form  (see,  for  example,  Sommerfield  {7,  Section  43]) 

/=  ( 1  +  a‘dki  +  a,Jdk~dkJ  +  dk.dkj dkk  +  '  ‘  'V0’ 

subject  to  the  conditions 


_L*1 

4k3  m, 


I 


/u-wa-^ 


/ 


Uk-ktfd  k. 


(13) 

(14) 


(15) 

(16) 


The  nonspherical  nature  of  the  distribution  function  suggests  the  separation 


=  i/l  +  ij/(,  (17) 

where  is  given  by  Eq.  ( 1 2)  and  \p{  represents  the  additional  contribution. 
The  nonspherical  contributions  are  not  calculated  from  first  principles.  In¬ 
stead,  the  treatments  of  fluid  dynamics  are  followed  with 


\dV\dV\  2dV*  ' 
^  L  dx,  +  <Ja,  3  dxk  S,J\  ’ 


where  it  is  noted  that 


In  one  dimension  (along  x) 


3 

2 

i-i 


Ir.'  =  o. 


4  dV*. 


(18) 


(19) 


(20) 
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In  two  dimensions,  the  derivative  of  the  stress  tensor  is 


&V*  #yr  #v* 

dx 2  +  dx1  dxdy 


*  _2 

>y  3  dx  dy\ 


.  f,_  ,[4  #yy  ?v*  #vy  _2#v*]\ 

T  dy 2  +  dy2  +  dxdy  ldxdy\\'  (  ) 


In  the  discussion  below,  an  even  simpler  version  of  Eq.  (21)  is  assumed: 

A^r-  <22) 

with  the  constraint  Eq.  (1 5)  only  approximately  satisfied.  Thus,  the  relevant 
equation  for  momentum  balance  is 

—hr£n'w' + 

+^70-"^'r-  (23> 

For  the  L  valley,  the  relevant  momentum  balance  equation  is 

-  n,m  -  ».>f^ 

d  ,  x,  ^  ,  -  h 

-(n-  nx)hk{TA.  (24) 

The  third  and  final  pair  of  balance  equations  is  that  associated  with  energy 
transport.  Straightforward  application  of  the  moment  equations  yields 

d  ,,,  d  hkiw,  hk\d<i>  d  hk\  ..  d 
Ft  '  n‘e 


where 
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where  the  summation  convention  over  i  is  assumed.  For  spherically  sym¬ 
metric  distribution  functions,  Q{  is  zero.  For  nonspherical  situations  it  rep¬ 
resents  a  flow  of  heat  and  is  treated  phenomenologically  through  analogy  to 
Fourier’s  law 

G'.  =  — (29) 

It  is  important  to  note  at  this  point  that  the  use  of  the  relationships  given  by 
Eqs.  ( 1 8)  and  (29)  are  not  fundamental.  Rather,  they  are  expressions  of 
ignorance  of  the  detailed  role  of  the  distribution  on  transport,  particularly 
near  the  boundaries. 

In  the  analysis  that  follows,  Eq.  (25)  is  not  solved.  Rather,  it  is  combined 
with  Eqs.  (3)  and  (24)  to  yield 

d  ,,  a  hk\  „  2  rf  d  hk{  ,  a2  „ 

T.niui  =  “TT— -  T -ST—  +  Ki  T\ 


dXj  m, 


dXj  m, 


+  r,  -  «.r, +<«- «.)r2]  -  «,£/,r5 

+  (n  —  n,)C/2r6.  (30) 

In  Eq.  (30),  the  nonspherical  contributions  of  the  stress  tensor,  (Eq.  (10)] 
are  ignored.  For  the  second  species  of  carriers 

<3  .  a  hkL  2  a  hk{ 

-  „lWl  _  -  r,)U,  -  j(»  ■ - 

a2 

+  t2  +  2^|2(«  ”  n>)r< +  n'ri  ~  («  “  «i)rj 
-  (n  —  n,)(/2r7  +  n,(/|r8.  (31) 

Equations  ( 1 ),  (3),  (5),  (23),  (24),  (30),  and  (3 1 )  are  the  equations  governing 
transport  in  the  systems  considered  in  this  chapter.  The  equations  are  more 
general  than  others  in  that  nonspherical  contributions  to  the  Boltzmann 
transport  equation  (BTE)  moments  have  been  included.  The  scattering  inte¬ 
grals  T,  -  T8  and  the  form  they  take  have  been  discussed  in  the  past  where 
these  evaluations  have  been  in  terms  of  the  displaced  Maxwellian  only. 
These  integrals  have  not  been  generalized  to  include  nonspherical  contribu¬ 
tions. 

The  governing  equations  are  expressed  in  dimensionless  form  prior  to 
transformation  into  difference  equations.  The  dimensionless  equations  are 
discussed  in  the  appendix  to  this  chapter.  Solution  of  the  governing  equation 
requires  imposition  of  boundary  conditions.  These  represent  a  crucial  aspect 
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of  the  study  and  are  discussed  as  they  are  needed.  The  band  structure  param¬ 
eters  used  in  the  study  for  two-level  transfer  are  also  discussed  in  the 
appendix. 


III.  SOLUTION  OF  THE  GOVERNING  EQUATIONS 
A.  Uniform  Fields 

Calculations  for  uniform  fields  are  discussed  first,  as  they  offer  an  impor¬ 
tant  starting  point  for  examining  transients  under  nonuniform  field  condi¬ 
tions.  Uniform  fields  result  from  assuming  a  donor  level  that  is  spatially 
constant  to  the  boundary  and  specifying  that 

«x  =  n,x=^=^=rix=  7^  =  0  (32) 


O  2  4  6  8  10 


T/To 

Fig.  1 .  Magnitude  of  the  current  transient  (Eq.  (8)]  following  application  of  a  sudden  change 
in  bias.  Parameters  for  this  calculation  are  listed  in  Table  A-l.  The  results  of  this  calculation  are 
qualitatively  similar  to  those  obtained  in  many  studies,  the  first  for  GaAs  being  Ruch  (8)  The 
terminusofeach  calculation  reflects  the  physical  time  required  for  steady  state.  The  longest  time 
duration  is  that  associated  with  the  lowest  bias  level.  For  this  calculation  2.0  V  corresponds  to 
an  average  field  of  20  kV/cm;  1.0  V  yields  10  kV/cm.  etc.  J0~  8  X  I04  A/cm1;  T0-  I  psec 
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at  both  the  cathode  and  anode  boundaries.  The  subscript  x  in  Eq.  (32) 
denotes  a  first  derivative.  Figure  l  displays  the  velocity  transient  for  a  l -fan- 
long  element  with  a  doping  level  of  5.0  X  IO,5/cmJ.  The  parameters  in¬ 
volved  are  listed  in  Table  A-I.  The  length  specification  is  artificial.  For  each 
calculation,  the  bias  was  raised  in  one  time  step  from  0.01  V  to  the  value 
indicated  in  the  figure.  We  note  the  high  carrier  velocity  occurring  at  approx¬ 
imately  0.5  psec  and  the  long-term  asymptotic  lower  steady-state  value.  Also 
apparent  in  the  figure  is  the  presence  of  a  region  of  negative  differential 
mobility.  Figure  2  displays  the  time  rate  of  change  of  carriers  in  the  gamma 
valley.  Electron  transfer  is  apparent  at  times  following  the  peak  velocity. 
Figure  3  displays  the  time  dependence  of  the  electron  temperature  following 
application  of  the  voltage  pulse.  The  feature  to  be  noted  from  this  figure  and 
Eq.  (30)  is  that  for  uniform  fields  any  time  dependence  in  T,  isdue  entirely  to 
scattering  events  and  is  thus  a  measure  of  when  ballistic  transport  may  be 
ignored.  Another  point  of  interest  is  that  under  uniform  field  conditions  the 
population  of  carriers  in  either  the  central  or  satellite  valley  is  governed  by 
the  scattering  rates  which  are  in  turn  governed  by  the  value  of  the  carrier 
temperature.  This  will  be  featured  prominently  later  when  contact  effects  are 
considered.  The  time  dependence  of  the  F -valley  velocity  is  displayed  in  Fig. 
4.  (The  long-time  asymptotic  values  do  not  and  should  not  display  negative 
differential  mobility.  The  mean  steady  state  distribution  of  velocities  as  well 

TABLE  I 

GaAs  Parameters  Used  in  Calculations 


Parameter 

r 

L 

Common 

Number  of  equivalent  valleys 

i 

4 

Effective  mass  (m.) 

0.067 

0.222 

I"-  L  separation  (eV) 

0.33 

Polar  optical  scattering 

Static  dielectric  constant 

12.90 

High-frequency  dielectric  constant 

10.92 

LO  phonon  (eV) 

0.0354 

V-L  scattering 

Coupling  constant  (eV/cm) 

0.S00X  10* 

Phonon  energy  (eV) 

0.0278 

L-L  scattering 

Coupling  constant  (eV/cm) 

2  .0  X  10' 

Phonon  energy  (eV) 

00354 

Acoustic  scattering 

Deformation  potential  (eV) 

7.0 

9.2 

Nonpolar  scattering  (£.) 

Coupling  constant  (eV/cm) 

0  300  X  10’ 

Phonon  energy  (eV) 

0.0343 
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Fig.  4.  Transient  T-valley  velocity  distribution  for  the  parameters  of  Fig.  1.  The  initial 
velocity  peak  corresponds  closely  in  value  to  the  peak  current  transient  prior  to  electron 
transfer.  The  decreased  velocity  represents  enhanced  scattering  at  elevated  temperatures.  K#  - 
10*  cm/sec;  T,  —  1  psec. 


as  that  within  the  T  valley  is  shown  in  Fig.  5.  It  is  noted  that  nonparabolic 
effects  are  not  included  here.) 

B.  Nonuniform  Fields  and  Uniform  Doping 

The  origin  of  nonuniform  fields  and  space  charge  layers  in  uniformly 
doped  structures  lies  in  the  conditions  imposed  at  the  upstream  and  down¬ 
stream  boundaries.  Under  conditions  in  which  current  is  flowing  through 
the  structure,  the  upstream  boundary  conditions  manifest  themselves  as 
cathode  boundary  current-field  relationships.  It  is  the  influence  of  the  cath¬ 
ode  boundary,  that  will  dominate  the  following  discussion.  To  develop  the 
concept  of  boundary  controlled  transport  several  qualitative  features  of  the 
mathematics  governing  transport  are  considered. 

Under  time-independent  steady  state  conditions,  the  velocity  flux  density 

C  =  «,(jr) K,(jc)  +  (n(x)  -  «,(*)) Kj(x)  «  n(x)V(x)  (33) 
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FIELD  (kv/cm) 

Fig.  5.  Steady  state  field  dependent  velocity  for  electrons  in  the  T-valley  of  gallium  arsenide 
for  the  parameters  of  Table  I.  Also,  steady  state  mean  field  dependent  electron  velocity  Vm .  [See 
Eq.  (6).] 

is  a  constant  independent  of  position.  Denoting,  through  the  subscript  c  the 
carrier  density  and  the  mean  velocity  at  the  first  computed  point  within  the 
semiconductor,  the  following  exercise  is  performed: 

C-#<0Kc«(ite-*)l'e,  (34) 

where  «o  is  the  uniform  background  dopi  ng  level.  For  the  purpose  of  specific¬ 
ity  Vc  is  assigned  to  be  a  monotonically  increasing  function  of  field  and  to 
have  the  form  represented  by  the  curve  i%Vc  in  Fig.  6.  Note  that  for  uniform 
field  conditions,  Vc  would  necessarily  be  the  same  as  the  bulk  field  depen¬ 
dent  velocity  and  exhibit  negative  differential  mobility.  Also  included  in  Fig. 
6  is  a  sketch  of  one  possible  variation  of  ncVc.  The  field  dependence  of  ne  is 
thereby  defined  implicitly  in  Fig.  6.  It  is  also  noted  that  r^V,.  and  ncVc  are 
chosen  to  intersect,  although  there  is  no  reason  a  priori  to  assume  any 
universality  to  this  property.  Figure  6  also  includes  a  schematic  of  the  veloc¬ 
ity  flux  density,  n0Vu,  (assuming  negative  differential  mobility)  associated 
with  uniform  fields  and  two  horizontal  lines  representing  two  different 
values  of  the  current  flux  density  within  the  device. 
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Fig.  6.  (a)  Schematic  representation  of  a  current  -field  relationship  within  the  interior  of  the 
semiconductor  and  a  possible  current -field  relation  at  the  first  computed  point  following 
the  boundary  of  the  semiconductor  ngF,.  (C,  and  C:  represent  constant  current  levels  in  the 
device.)  The  cathode  field  for  the  low  current  level  case  is  denoted  by  .  The  neutral  interior 
field  is  represented  by  F%l .  Similar  remarks  apply  to  the  higher  current  level.  (It  is  important  to 
note  that  studies  using  the  drift  and  diffusion  equations  indicate  that  for  <t>,  —  0  at  the  boundary, 
the  transition  from  cathode  depletion  to  cathode  accumulation  requires  all  three  characteristics. 
nol't.  ri'Vt,  and  to  intersea  at  the  same  point  (9).  (b)  Schematic  of  possible  cathode 
adjacent  depletion  and  accumulation,  followed  by  broad  depletion,  for  the  two  bias  current 
levels  of  Fig.  6a. 
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Figure  6a  takes  on  significance  when  the  intersection  of  the  line  of  con¬ 
stant  current  Cand  the  neutral  field  characteristic /IqF.  is  taken  to  represent 
uniform  field  region  values  within  the  interior  of  the  semiconductor,  and  the 
intersection  of  C  with  the  cathode  characteristic  ntVt  is  taken  to  represent 
field  values  at  the  boundary  of  the  semiconductor  (9]. 

Consider  first  the  low-current  case  C, .  Here,  the  assumed  current  field 
relationships  are  such  that  for 

Fe>Fhl,  (35) 


Fig.  7.  (a)  Current -field  relationship  in  Fig.  6a  but  for  a  different  set  of  ^1',  and  ncFc 
curves,  (b)  Schematic  of  possible  cathode  adjacent  depletion  and  accumulation  followed  by 
broad  accumulation  for  the  two  bias  levels  of  Fig.  7a. 
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>  n,.  For  a  specific  distance  between  the  upstream  boundary  and  the 
interior  of  the  structure,  a  range  of  charge  depletion  forms,  as  sketched 
in  Fig.  6b. 

Consider  next  the  higher-current  case  C2.  For  this  situation 

n*Wc)<ncVjLFJ  (36) 

and  a  region  of  local  charge  accumulation  forms  at  the  upstream  boundary. 
Because  the  field  dependence  of  the  mean  carrier  velocity  exhibits  a  region  of 
negative  differential  mobility,  the  downstream  interior  field  is  either  greater 
than  or  less  than  the  cathode  field  and  either  a  range  of  charge  accumulation 
forms  within  the  interior  of  the  structure  or  a  range  of  charge  depletion  forms 
within  the  interior.  The  latter  is  illustrated  in  Fig.  6b.  It  is  important  to  note 
that  nothing  has  been  said  about  the  stability  of  these  profiles.  Indeed,  in 
some  cases  the  profiles  are  electrically  unstable  [6]. 

Consider  Fig.  7a  with  a  different  set  of  upstream  boundary  characteristics. 
For  the  low-current  case 

Fc<Fbl,  (37) 

and  a  region  of  charge  accumulation  layer  forms  over  a  specific  distance 
between  the  upstream  boundary  and  the  interior  of  the  structure.  However, 
at  the  upstream  boundary 

n0Kc(Fc)>ncFc(Fc),  (38) 

indicating  that  a  region  of  local  charge  depletion  forms  at  the  upstream 
boundary.  A  sketch  of  a  possible  space  charge  profile  is  shown  in  Fig.  7b.  For 
the  high-current  case,  both  within  the  interior  and  at  the  upstream  boundary 
regions  of  charge  accumulation  form.  A  sketch  of  this  charge  layer  is  also 
shown  in  Fig.  7b. 

The  preceding  discussion  indicates  that  the  interplay  between  the  bound¬ 
ary  and  the  interior  of  the  semiconductor  is  able  to  introduce  a  rich  variation 
in  the  space  charge  distribution.  A  situation  evoking  considerable  interest 
with  respect  to  this  interplay  is  one  that  may  be  regarded  as  a  singular 
solution.  This  occurs  when  the  current  flux  density  C2  intersects  the  neutral 
characteristic  at  two  points  and  the  curves  ncVc,  n0Vc,  and  N0Vn  intersect  at 
the  same  field  value  (thus,  =  l^andr^  =  nc).  The  general  description  and 
consequences  of  the  approach  to  this  event  in  long  samples,  as  a  precursor  for 
nucleation  of  high  electric  field  traveling  dipole  layers  has  been  broadly 
delineated  in  a  variety  of  publications  (6,9).  The  consequence  of  this  in  terms 
of  solutions  to  the  BTE  moments  is  discussed  in  Subsection  II.E. 

It  should  be  apparent  from  the  preceding  discussion  that  the  detailed 
description  of  the  influence  of  the  boundary  requires  a  description  of  the 
field  dependence  of  the  mean  entrance  velocity  and  carrier  distributions.  In 
the  following  calculations  in  which  transport  is  described  through  solutions 


UBUWUUP  JR  UJUWUUILA  Ufl 


JBtlLAIWUMIJlUXIXMUXUflUJI  Ujrsnrvnri.»-»w-wirairiiirwiru 


> 


> 


254 


H.  L.  Grubin  and  J.  P.  Krestovsky 


► 


to  moments  of  the  BTE,  these  field  dependencies  are  constrained  by  the  1 
boundary  conditions  to  the  governing  equation  and  are  expressed  as  solu¬ 
tions  of 


C  =  rtcV£Fc)  =*  Fe  =  g(C).  (39) 

When  Fc  is  a  double-valued  function  of  C  a  regional  approach  is  taken. 


C.  The  Effect  of  Device  Length 

Up  to  this  point,  nothing  has  been  discussed  concerning  the  influence  of 
device  length  on  the  cathode  characteristic  properties,  nor  on  the  transport 
properties  through  the  structure.  There  are,  however,  several  points  of  note. 

}  First,  in  the  calculations,  the  field  at  the  cathode  is  not  specified  but  is 

computed  self-consistently  from  the  governing  equation  subject  to  the  con-  i 
straints  of  the  boundary  conditions.  For  constant  n<,  the  details  of  transport  - 
from  the  cathode  are  dominated  by  the  uniform  field  neutral  velocity  char¬ 
acteristic.  For  uniform  fields  and  long  devices,  the  velocity  exhibits  negative 

r  differential  mobility  as  displayed  in  Fig.  5.  However,  as  the  device  decreases 

in  length,  the  mean  carrier  velocity  for  uniform  fields  is  altered  as  displayed 
in  Fig.  8.  (See  Grubin  el  al.  [  1 0]  for  a  discussion  of  how  the  calculation  was 


FIELD  (kV/cm) 

Fig.  8.  Velocity  versus  distance  for  the  uniform  field  velocity  transient.  For  these  calcula¬ 
tions.  as  in  Figs.  I  -4,  velocity  transient  is  in  response  to  a  sudden  change  in  electric  field.  Initial 
velocity  is  zero  and  L  -  J0  11(f)  dl.  (From  Grubin  et  al  (10) ) 
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performed  along  with  the  imposed  condition.)  Perhaps  the  most  significant 
phenomena  occurring  as  the  semiconductor  length  is  reduced  are  the  pro¬ 
gressive  decrease  in  negative  differential  mobility  of  GaAs  and  the  increase 
in  the  velocity  and,  hence,  current.  These  effects  are  illustrated  below. 

D.  Steady  State  and  Transient  Behavior  Injecting  Cathode 
(L  as  1.0  /im) 

The  preceding  discussion  is  independent  of  the  detailed  description  pro¬ 
vided  by  the  governing  equations  chosen  to  represent  device  transport.  The 
governing  equations  and  their  associated  boundary  conditions  provide  a 
mechanism  by  which  a  set  of  contact  descriptors  can  be  extracted.  For 
example,  it  is  expected  that  the  specific  properties  of  the  physical  contact  or 
boundary  will  influence  the  distribution  of  carriers  within  the  valence  and 
conduction  bands  of  the  semiconductor  in  the  vicinity  of  the  boundary. 
(One  of  the  earlier  studies  involving  the  role  of  the  boundaries  on  transient 
transport  through  solutions  of  the  Boltzmann  transport  equation  was  that  of 


FIELD  (kv/cm) 

Fig.  9.  Data  of  Tig.  5  plus  the  cathode  current  field  relation  for  the  accumulation  layer 
boundary.  J0  —  8  X  I04  A/cm2. 
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Gray  et  al.  [11].)  Furthermore,  under  conditions  of  finite  bias  in  which 
current  is  transported  through  the  device,  the  influence  of  the  contact  is  ; 
expected  to  affect  the  entrance  velocities  [2].  In  the  discussion  that  follows,  a  - 
very  simple  set  of  boundary  conditions  is  imposed  to  represent  the  effects  of 
the  physical  boundary.  The  importance  of  these  boundary  conditions  is  to 
create  nonuniform  fields.  As  will  be  seen,  the  boundary  conditions  chosen 
are  not  the  result  of  an  exhaustive  study.  Rather,  they  are  associated  with  an 
initial  effort  For  example,  in  the  following  discussion,  the  initial  sharing  of 
carriers  between  the  T  and  L  portions  of  the  conduction  band  is  controlled 


DISTANCE/  1.0/i.m 

Fig.  10.  Steady  state  distribution  of  field  within  a  l-pm-long  GaAs  element  at  three  bias 
values;  T~  300  K.  (See  appendix  for  boundary  conditions.)  Electron  transfer  occurs  down¬ 
stream  from  the  cathode  resulting  in  a  downstream  accumulation  of  carriers. 
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by  specifying  a  value  for  the  electron  temperature  at  the  cathode  boundary. 
In  addition,  a  representation  of  the  entrance  velocity  is  through  a  cathode 
contact  mobility.  This  is  identified  in  the  calculation  beginning  with 'Fig.  9. 

Figures  9  - 1 2  are  calculations  performed  for  a  gallium  arsenide  structure 
with  the  same  material  parameters  as  that  of  the  uniform  field  calculations. 
Here,  however,  the  boundary  conditions  are  different.  At  the  cathode 

“  0,  Vx  *=  —  15,625  F.  K^-0, 

r,  -  300  K,  T^-O, 

and  at  the  anode 

nxx  8=8  nlxx  “  ^ixx  “  “  T lxx  *“  Tj**  “  0» 

where  the  double  x  subscript  denotes  a  second  derivative.  The  consequences 
of  this  set  of  boundary  conditions  is  that  the  T- valley  electrons  enter  the 
structure  with  a  velocity  in  excess  of  the  steady  state  uniform  field  value. 


(40) 

(41) 
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Fig.12.  Distribution  ofT-valley  velocity  for  the  parameters  of  Fig.  10.  Atabiasof2  Vanda 
field  of  20  k  V/cm  the  f  valley  velocity  is  slightly  in  exoess  of  the  uniform  field  calculation.  At  a 
bias  of  I  V  and  a  field  of  10  kV/cm,  the  difference  between  the  nonuniform  and  uniform  field 
velocity  is  even  greater.  This  excess  is  a  consequence  of  a  lower  value  of  electron  temperature  at 
these  given  field  values. 
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Specification  of  the  T-valley  temperature  at  300K  ensures  that  the  relative 
cathode  carrier  contribution  of  the  L  valley  is  negligible.  Furthermore,  the 
fact  that  the  mean  velocity  of  the  L- valley  carriers  is  significantly  below  that 
of  the  T-valley  carriers  provides  the  demonstration  that  the  cathode  current 
field  relation  is  dominated  by  the  T  valley  carriers: 

Jc  “  +  (n  -  nr)  I'd  “  n^F.  (42) 

While  Eq.  (42)  is  significant  in  providing  a  description  of  the  dominating 
carrier  at  the  cathode,  alone  it  will  not  determine  whether  the  cathode  is 
carrier  depleted,  neutral,  or  accumulated.  The  moment  equations  coupled 
to  Poisson’s  equation  must  be  solved.  Qualitative  information,  however,  can 
be  obtained  for  the  specific  set  of  boundary  conditions  given  by  Eq.  (40) 
through  use  of  the  mobility  approximation.  Because  of  the  inherent  limita¬ 
tions  of  the  mobility  approximation  the  consequences  of  its  use  must  be 
regarded  as  relevant  only  if  insight  is  provided  in  the  interpretation  of  the 
exact  solution. 

The  qualitative  information  is  obtained  through  a  calculation  of  the  tran¬ 
sit  time  of  a  carrier  within  the  vicinity  of  the  cathode.  Because  the  transit 
time  is  necessarily  a  positive  quantity,  inequalities  arise  which  express  cath¬ 
ode  depletion,  neutrality,  and  accumulation.  The  transit  time  between  the 
cathode  and  an  interior  point  X  is 

[*  dX' 

Assuming  a  constant  mobility  for  the  T-valley  carriers  and  the  significant 
approximation 


nV *=*  n,P,. 


(44) 


then  for  carriers  within  the  vicinity  of  the  cathode  the  arguments  leading  to 
Eq.  (42)  imply  that  V  =  ~ntF.  This  last  statement,  when  coupled  to  Pois¬ 
son’s  equation  yields 


l(X)  =  t0  log 


J-ni3enlFc  1 
J  -  n<>enxF(X)) 


(45) 


where 


to  =  e/noe/r, 


(46) 


is  the  dielectric  relaxation  time  of  the  T-valley  carriers.  For  a  cathode  bound¬ 
ary  condition  consistent  with  J  —  nceficFc 


t(X)  =  t0  log 


{( 


/J 


(47) 
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Since  the  requirement  that  the  transit  time  be  positive  must  be  met,  two  i 
inequalities  emerge: 

nji'  >  rio/r, ,  F(X)  <  Fc,  (48a) 

nc/te<n0^l,  F(X)>FC.  (48b) 

For  Eq.  (48a),  local  charge  accumulation  is  present  at  the  cathode.  Note 
that  the  condition  F(X)  <Fis  stronger  than  necessary  and  requires  that 
Ne  >  N0.  In  Eq.  (48b)  cathode  depletion  occurs  with  Nc  <  The 

results  of  the  following  simulation  discussion  are  consistent  with  Eq.  (48a)  as 
demonstrated  in  Fig.  9.  For  Eq.  (48b),  reference  is  made  to  the  discussion  of 
Grubin  and  Kreskovsky  [12].  Figure  9  is  a  plot  of  the  computed  dc  current  : 
versus  field  relationship  at  the  cathode  boundary.  It  is  approximately  linear 
with  only  a  marginal  variation  in  field.  The  cathode  field  is  effectively 
pinned.  For  reference  purposes,  the  current -field  relationship  for  the  uni¬ 
form  field  structure  is  also  shown. 

The  characteristics  of  the  uniform  field  curve  and  the  cathode  current-  i 
field  relationship  are  different  and  for  a  constant  current  through  the  semi- 
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Fig.  13.  Temperature  distribution  within  the  T  valley  for  the  parameters  of  Fig.  10.  See 
comments  associated  with  Fig.  12. 
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conductor  at  least  two  different  field  values  result  at  intersections.  The  cath¬ 
odeboundary  field  is  lower  than  that  of  the  neutral  field  intersection,  a  result 
that  is  consistent  with  cathode  accumulation. 

The  steady  state  time  independent  distributions  of  electric  field,  carrier 
density,  T-valley  velocity,  and  electron  temperature  are  displayed  in  Figs. 
10-13  for  various  bias  levels.  While  the  calculation  displays  the  excess 
carrier  velocity  at  elevated  bias  levels,  there  is  also  an  enhanced  electron 
transfer  and  the  dc  current  shows  saturation.  The  clear  consequence  of  the 
transfer  is  that  the  current  does  not  scale  the  velocity.  This  latter  feature  is 
reflected  in  the  current- voltage  relationship  shown  in  Fig.  14. 

With  regard  to  the  current- voltage  characteristic,  while  the  current  does 
not  scale  the  velocity  and  thus  does  not  fully  reflect  overshoot  contributions, 
its  high  bias  level  is  above  that  associated  with  the  equilibrium  steady  state 
velocity  field  relationship,  while  below  that  associated  with  the  T-valley 
velocity.  The  excess  above  Vm  is  due  predominantly  to  the  cathode  boundary 
condition  that  allows  for  a  high  level  of  injected  charge.  The  depression 
below  Vr  is  due  to  electron  transfer.  It  is  also  noted  that  there  is  virtually  no 
electron  transfer  near  the  cathode.  Most  of  it  occurs  near  the  anode,  and  the 
effect  of  electron  transfer  leads  to  saturation  in  the  current  density.  Another 
feature  of  the  nonuniform  field  calculation  lies  in  the  clear  absence  of  nega¬ 
tive  differential  conductivity,  a  phenomenon  present  in  uniform  field  calcu¬ 
lations. 

The  significant  qualitative  differences  between  the  steady  state  uniform 
field  characteristics  and  those  associated  with  nonuniform  fields  suggest 
some  differences  in  the  transient  characteristics.  This  is  indeed  the  case  as 
discussed  below. 


F  (tO  W/cm) 


f  (V) 

Fig.  14.  Steady  state  current  density  versus  applied  voltage  and  average  field  for  the  1.0-cm- 
long  structure  with  the  parameters  of  Fig.  10.  J0  —  8  X  10*  A/cm1. 
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Figure  1 5  displays  the  current  transient  following  application  of  a  voltage 
pulse.  The  first  point  we  emphasize  is  that  the  plot  consists  of  current  rather 
than  velocity.  The  second  point  is  that  the  current  transient  is  ostensibly 
similar  to  that  associated  with  velocity  overshoot  There  is,  however,  a  fun¬ 
damental  difference  between  the  two.  For  uniform  and  nonuniform  fields 
during  the  first  time  step,  the  field  throughout  the  structure  is  increased  by  an 
amount  equal  to  the  change  in  applied  voltage  divided  by  device  length.  This 
introduces  a  one-time-step  displacement  current  whose  magnitude  is  com¬ 
putationally  dependent  and  therefore  nonphysical.  For  uniform  fidds,  all 
displacement  current  contributions  cease  after  the  initial  time  step.  For 
nonuniform  fields  all  time-dependent  field  evolution  is  accurately  calculated 
following  the  initial  time  step.  Here,  with  the  cathode  boundary  introducing 
a  cathode  adjacent  accumulation  layer,  the  time  dependence  introduces  a 
layer  that  propagates  toward  the  anode  boundary.  This  propagation  is  ac¬ 
companied  by  field  rearrangement  and  internal  point-by-point  displace¬ 
ment  current  contributions. 


Fig.  IS.  Magnitude  of  current  transient  following  application  of  a  step  change  in  bias  to 
1 .0  V  for  a  I  0-/jm-!ong  device  at  300  K  with  the  parameters  of  Fig.  10.  Current  peak  is  similar 
to  that  ofFig.  I .  Steady  state  velocity  is  above  that  of  the  uniform  field  case.  It  is  noted  that  the 
time  to  steady  state  is  approximately  50%  longer  than  that  associated  with  the  steady  state 
calculation  ofFig.  1. 70  -  8  X  I04  A/cm1;  T0  —  I  psec. 
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Figure  16  shows  the  space-  and  time-dependent  evolution  of  the  electric 
field  within  the  device.  The  effect  of  the  boundary  condition  is  to  introduce  a 
propagating  accumulation  layer  originating  at  the  cathode,  while  down¬ 
stream  from  the  anode  the  field  is  approximately  uniform  during  the  first  0. 5 
psec  becoming  highly  nonuniform  as  steady  state  is  approached.  The  early 
time  transients  dictate  that  displacement  current  contributions  will  be  signif¬ 
icant  within  the  vicinity  of  the  propagating  accumulation  layer,  as  shown  in 
Fig.  17  and  will  be  insignificant  downstream  from  the  layer.  In  the  latter 
regions,  the  familiar  velocity  transients  obtained  from  uniform  field  calcula¬ 
tions  arise.  At  later  times  propagation  continues  but  is  accompanied  by 
electron  transfer.  The  long-time  transient  differs  from  that  of  uniform  fields. 
(We  note  from  Figs.  18and  19the  absence, for/  <0.5  psec,  of anysignificant 
transfer  downstream  from  the  moving  space  charge  layer.  Hereto,  the  carrier 
velocity  (Fig.  20)  downstream  from  the  moving  space  charge  layer  sustains 
high  values  common  to  overshoot). 

There  are  three  dominating  features  of  the  preceding  calculations.  The 
first  two  are  the  boundary  conditions  on  the  T-valley  temperature  and  mean 
carrier  velocity.  The  third  is  the  length  of  the  structure.  As  discussed  earlier, 
the  specification  of  the  T-valley  electron  temperature  provides  dominant 
control  in  these  calculations  of  the  relative  population  of  the  T-valley  earners 
at  the  cathode.  For  the  calculations  of  Figs.  10-17,  specifying  T,  at  300K 
resulted  in  virtually  the  entire  sea  of  cathode  carriers  as  T-valley  earners.  In  a 
study  performed  earlier  [  1 2]  in  which  the  device  length  was  2.0  fim  and  the 
T-valley  velocity  was  subject  to  a  mobility  boundary  condition  as  in  Eq.  (40), 
the  results  were  qualitatively  similar  for  Tt  =  300K.  and  a  T-valley  boundary 
mobility  greater  than  that  of  the  low-field  steady  state  mobility  of  the  T-val- 
ley  carriers.  In  those  calculations,  the  total  set  of  boundary  conditions  was 
somewhat  different  than  those  employed  in  the  discussion  of  Figs.  10-20 
but  there  were  several  definite  trends.  For  example,  by  retaining  a  suitably 
high  cathode  mobility  and  by  elevating  the  electron  temperature,  space 
charge  accumulation  at  the  cathode  was  retained,  but  the  relative  proportion 
of  T-valley  carriers  at  the  cathode  decreased.  Again,  on  the  obverse  side, 
retaining  a  cathode  temperature  of  7",  =  300K  but  reducing  the  boundary 
mobility  of  the  T-valley  carriers  to  a  value  below  that  of  the  low-field  mobil¬ 
ity  of  the  T-valley  carrier  in  steady  state  results  in  a  partial  depletion  of 
carriers  at  the  cathode  and  a  concomitant  increase  in  the  cathode  field  to 
values  in  excess  of  that  within  neutral  regions  interior  to  the  device.  Each  of 
these  results  is  consistent  with  the  qualitative  arguments  contained  in  Eqs. 
(43)— (48). 

The  immediate  conclusion  that  can  be  drawn  from  the  set  of  referenced 
results  is  that  the  presence  of  space  charge  accumulation  or  depletion  at  the 
cathode  is  dominated  by  the  field  dependence  of  the  entering  carrier  velocity 
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Fig.  16.  Distribution  of  electric  field  at  successive  instants  of  time  following  application  of  a 
step  change  in  voltage  for  the  parameters  of  Fig.  I 5.  During  the  first  time  step,  the  field  increases 
from  its  steady  state  value  at  a  bias  of  0.01  V  by  an  amount  equal  to  9.99  kV/cm  (( 1  -0.01)  V/ 
1  /mi).  Subsequent  time  dependence  shows  a  space  charge  layer  propagating  toward  the  anode, 
(a)  During  the  first  0.5  psec  the  field  downstream  from  the  propagating  accumulation  layer  is 
spatially  uniform.  Within  this  region  transients  are  governed  by  the  uniform  field  velocity 
overshoot  transients,  (b)  During  the  long-time  transients,  electron  transfer  occurs  and  relax¬ 
ation  differs  from  that  of  the  uniform  field  transient. 
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Fig.  18.  (a)  and  (b)  Transient  distribution  of  total  charge  following  application  of  a  step 
change  in  potential  for  the  parameters  of  Fig.  IS.  Note  that  downstream  from  the  propagating 
accumulation  layer  the  charge  distribution  is  flat  as  reflected,  additionally  in  the  flat  held  profile 
of  Fig.  16a.  Space  charge  accumulation  occurs  during  the  longer  time  interval. 
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Fig.  19.  (a)  and  (b)  Transient  distribution  of  T-valley  carrier  density  for  the  parameters  of 
Fig.  15.  Note  that  within  the  first  0.5  psec,  very  little  transfer  occurs. 
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Fig.  20.  (a)  and  (b)  Transient  distribution  of  the  T- valley  velocity  following  application  of  a 
voltage  pulse  for  the  parameters  of  Fig.  1 5.  The  velocity  layer  propagates  and  shows  a  tendency 
to  lead  the  transient  changes  in  the  T-valley  carrier  density.  Downstream,  the  velocity  transient 
is  relatively  uniform  for  I  <  0.5  psec  and  tends  to  follow  the  uniform  field  transient  of  Fig.  4. 
Differences  from  the  uniform  field  calculations  occur  during  the  long-time  transient.  Vt  —  10* 
cm/sec. 
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vis-a-vis,  that  within  the  interior  of  the  device.  This  conclusion  is  applied  to  a 
problem  of  high-viability,  transit-time  Gunn  domain  instabilities  in  GaAs. 


E.  Steady  State  and  Transient  Behavior  and  Partially  Blocking 
Cathode  (L  =  5.00  ftm)  Gunn  Oscillations 

The  structure  under  consideration  is  “long”  with  respect  to  submicro¬ 
meter  dimension;  the  device  length  is  3.00  fim.  The  boundary  conditions 
here  are  different  than  those  used  for  Figs.  10-20.  In  this  case,  those  of  Eq. 
(30)  are  repeated,  with  two  critical  variations: 

K.--4000 F  and  T,  -  1200  K  (49) 

As  in  the  case  of  the  accumulated  cathode,  the  situation  represented  by  Eq. 
(49)  can  be  described  qualitatively  by  Eqs.  (43)— (47)  with  the  modification 

nl'-fl,!' (50) 

where  /?  represents  an  average  of  the  fraction  of  T-valley  to  total  carriers 


Fig.  21.  Steady  state  distribution  of  electric  field  within  the  interior  of  a  5.00-//m-long 
uniformly  doped  GaAs  structure  at  various  bias  levels.  Parameters  are  given  in  the  appendix.  It 
is  noted  that  the  field  at  the  cathode,  in  response  to  the  boundary  conditions,  is  qualitatively 
different  than  that  associated  with  Figs.  10-20.  Here,  the  field  decreases  from  the  cathode  to  the 
anode.  In  the  vicinity  of  the  anode  the  field  is  uniform.  The  net  decrease  in  field  is  consistent 
with  a  cathode  region  partially  depleted  ofcarriers.  Note  that  prior  to  reaching  the  downstream 
portion  of  the  structure,  the  field  displays  a  minimum  followed  by  a  change  in  slope.  This 
change  in  slope  represents  the  presence  of  a  region  of  local  charge  accumulation 
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within  the  cathode  region.  With  this  change 

<5" 

The  requirement  that  the  transit  time  be  positive  leads  to  the  inequality 

oAr„  F(X)>  Ft,  (52) 

for  a  restricted  range  of  held  values.  Equation  (52)  is  represented  in  detail 
below  and  shows  the  presence  of  cathode  depletion. 

Figure  21  displays  the  field  distribution,  whose  most  obvious  characteris¬ 
tic  is  that  of  a  broad  depletion  region  adjacent  to  the  cathode.  The  character¬ 
istics  of  this  depletion  region  are  that  with  increasing  bias,  the  depletion  zone 
broadens,  the  cathode  field  increases,  and  the  downstream  field  begins  to 
approach  a  constant  value.  This  latter  feature  manifests  itself  as  hard  satura¬ 
tion  in  current  versus  voltage. 

Figure  22  is  a  display  of  the  carrier  density  in  the  I~  valley  as  well  as  total 
carrier  density.  It  is  first  noted  that  for  all  of  the  bias  values  chosen,  the 
f-valley  carrier  density  displays  partial  depletion  in  the  vicinity  of  the  cath- 


Fig.  22.  Distribution  of  total  (Nr)  and  F  valley  (A'r)  carriers  within  the  device  for  the 
parameter  of  Fig.  2 1 .  Note  that  there  is  a  net  depletion  of  total  charge  within  the  vicinity  of  the 
cathode  and  that  this  partial  depletion  is  reduced  as  the  bias  level  is  raised.  For  all  bias  levels  the 
T -valley  population  is  below  that  of  the  total  carrier  density. 
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ode  boundary.  This,  it  may  be  anticipated,  will  manifest  itself  as  an  excess 
carrier  velocity  at  the  cathode  (Fig.  23).  It  is  also  noted  that  as  the  bias  level 
increases,  the  total  charge  at  the  cathode  shows  a  diminished  depletion,  while 
downstream  there  is  a  weak  region  of  charge  accumulation.  With  regard  to 
the  T-valley  velocity,  this  follows  the  pattern  dictated  by  current  continuity 
and  cathode  adjacent  charge  depletion.  The  carrier  velocity  at  the  cathode 
sustains  values  in  excess  of  that  within  the  neutral  interior  regions  of  the 
semiconductor. 

Figure  24  displays  the  dc  current  -  voltage  relationship  for  this  structure. 
Several  points  are  noteworthy.  The  first  point  is  the  absence  of  negative 
differential  conductivity  even  though  the  neutral  interior  region  is  character¬ 
ized  by  a  region  of  negative  differential  mobility.  The  second  point  to  note  is 
that  current  saturation  occurs  at  values  below  that  associated  with  the  1  -fim- 
long  device. 

The  cathode  current- field  relationship  is  displayed  against  the  neutral 
field  characteristic  in  Fig.  25.  In  addition,  the  cathode  boundary  neutral  field 
characteristic  is  also  shown.  The  curves  display  an  apparent  tendency  to 
intersect  within  the  region  of  negative  differential  mobility,  resulting  in  two 
approximately  neutral  regions  sustaining  different  values  of  field  and  veloc¬ 
ity.  Under  a  well-defined  set  of  conditions,  this  configuration  is  electrically 
unstable  and  leads  to  the  nucleation  and  propagation  of  high-field  domains. 
For  the  configuration  under  consideration,  an  increase  in  bias  level  from  2.0 


t  ig.  23.  Steady  state  velocity  distribution  of  T -valley  carriers  for  the  parameters  of  Fig.  2 1 . 
Note  that  unlike  the  velocity  distribution  for  the  T-valley  electrons  of  an  injecting  contact  where 
the  carrier  velocity  is  greatest  at  the  anode,  for  this  length  structure  the  T-valley  velocity  is 
greatest  at  the  cathode.  Note  further  that  the  change  in  cathode  velocity  with  increased  bias  is 
very  small  at  high  bias  levels  and  reflects  the  presence  of  current  saturation 
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Fig.  24.  Steady  state  current  voltage  characteristics  J (</>)  for  the  partially  depleted  cathode 
structure  with  a  length  of  5.00  ft m.  Parameters  are  those  of  Fig.  2 1 .  Of  significance  here  is  the 
fact  that  saturation  in  current  occurs  at  an  average  field  significantly  below  that  of  the  1 .0-pm 
device  and  that  the  current  in  saturation  is  approximately  J  that  of  the  I  0-^m-long  device.  Also 
shown  is  the  cathode  current  field  relation  JC{FC)  and  the  neutral  field  characteristic  A0 1 '0 ; 
J0  -  8  X  \<T  A/cm1. 
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to  3.0  V  results  in  transient  local  cathode  adjacent  accumulation  and  subse¬ 
quent  dipolar  propagation  as  displayed  in  Fig.  26.  The  details  of  Fig.  26  show 
the  transient  transformation  of  the  space  charge  layer  (as  reflected  in  the 
dearie  field  distribution)  from  a  depletion  layer  to  a  dipole  propagating 
layer.  The  dipole  layer  is  quenched  at  the  anode  boundary  and  repeated 
transit  time  osdllations  occur.  The  time-dependent  oscillations  are  dis¬ 
played  in  Fig.  27  and  occur  after  an  initial  transient  that  is  qualitatively 
similar  in  stmaure  to  that  associated  with  the  accumulation  cathode  and  the 
uniform  field  transients.  Indeed,  the  peak  current  is  both  a  reflection  of 
overshoot  and  the  influence  of  the  cathode  boundary  condition  which  re¬ 
duces  its  value  to  a  level  below  that  of  the  uniform  field  transient  It  is 
important  to  note  that  while  the  development  of  a  set  of  conditions  for 
initiating  a  propagating  domain  is  of clear  technological  significance,  it  plays 
a  secondary  role  to  the  thrust  of  this  chapter,  which  is  that  conditions  at  the 
cathode  are  likely  to  be  the  single  most  pervasive  influence  on  near-  and 
submicrometer-length  semiconduaor  devices,  much  as  they  are  for  longer 
devices. 
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Fig.  26a.  Transient  electric  field  profile  showing  nudeation  and  propagation  of  high  field 
domain.  Note  that  propagation  is  accompanied  by  low  downstream  field  values  and  residual 
cathode  adjacent  depletion.  Parameters  are  those  of  Fig.  21;  F^—  2  kV/cm;  -  5  psec, 


6.  Rote  ol  Boundary  Conditions  in  GaAs  Structures 


281 


0.40 


0.32 


0.24 

J/J0 

0.16 


0.08 


0.00 

0.00  3.32  6.64  9.96  13.28  16.60 

TIM£/(5pscc) 

Fig.  27.  Current  transient  following  application  of a  step  change  in  potential  to  3.0  V.  Initial 
transient  is  a  reflection  of  nonequilibrium  transient  transport.  The  steady  long-time  transient 
reflects  the  nudeation.  propagation,  and  quenching  of  a  propagating  high-fidd  dipole  layer. 
Parameters  are  those  of  Fig.  2 1  ;/0- 8  X  1 04  A/cnv >,  y  -  3  V. 

F.  Nonuniform  Fields  and  Length  Scaling 

While  the  calculations  in  Subsections  III.D  and  III.E  were  for  structures  of 
different  length,  the  emphasis  was  on  the  effects  of  the  boundary.  However, 
the  effects  of  length  scaling,  insofar  as  they  affect  the  velocity  field  relation¬ 
ship,  (vis-a-vis  Fig.  8)  will  influence  the  electrical  transient  and  the  steady 
state  field  profiles.  This  is  illustrated  for  two  situations.  The  first  situation  is 
for  a  uniformly  doped  structure  with  the  same  boundary  conditions  as  given 
by  Eg.  (40)  but  with  a  length  of  0.2  5  ^m.  The  second  structure  considered  is 
that  of  a  n*- n~  -  n*  device,  with  a  1  -//m  cathode-to-anode  spacing  but  with  a 
variable-length  n~  region. 

The  calculations  for  the  0.25-^m-long  device  are  displayed  in  Figs.  28-36. 
The  steady  state  electric  field  distribution  is  displayed  in  Fig.  28  for  the 
indicated  bias  levels.  Note  that  although  the  average  fields  for  the  0.25-//m 
device  and  the  1 .O-jim  device  are  the  same,  the  field  distributions  are  quanti¬ 
tatively  different.  The  difference  lies  in  the  fact  that  at  the  lower  bias  levels 


y.<. 
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Fig.  28.  Steady  state  distribution  of  electric  field  for  0.25-//m  uniform  struaure  with  inject¬ 
ing  cathode  contacts  Average  field  across  structure  is  the  same  as  that  of  Fig.  lOfor  1  0-rim-long 
device.  Parameters  for  this  calculation  are  listed  in  the  appendix. 
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only  a  marginal  amount  of  electron  transfer  occurs  within  the  shorter  struc¬ 
ture.  Note  also  that  the  electric  field  at  the  cathode  is  low,  as  for  the  1-^m- 
long  device. 

Figure  29  displays  the  steady  state  population  of  the  T-valley  as  well  as  the 
total  carrier  density.  The  first  point  to  note  here  is  that  the  density  of  carriers 
for  the  given  bias  level  exceeds  that  for  the  l-//m-long  element.  The  second 
point  is  that  considerably  less  electron  transfer  occurs  downstream  from  the 
cathode.  There  is,  however,  a  far  more  significant  aspect  to  the  quantitative 
differences  between  the  results  of  the  0.25-  and  1 .0-//m  devices.  The  carrier 
and  velocity  distributions  for  the  two  structures  are  different.  These  differ¬ 
ences  are,  in  part,  a  result  of  the  fact  that  conditions  at  the  upstream  bound- 
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Fig.  29.  Distribution  of  total  (Nr)  and  P-vaiiey  (AV)  carrier  density.  Only  marginal  transfer 
occurs  for  the  lowest  bias  level.  Substantial  transfer  occurs  at  the  higher  bias  levels.  At  all  bias 
levels,  injection  level  is  extremely  high,  and  A'r  exceeds  A'0.  (A/0  -  5  X  lO'Vcm’.) 
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ary  arc  sensitively  dependent  upon  the  proximity  of  the  collecting  contact. 
Further  evidence  for  this  is  provided  by  the  velocity  distribution  displayed  in 
Fig.  30  which  shows  higher  entrance  velocities,  but  lower  exit  velocities. 

Figure  31  is  a  plot  of  current  versus  voltage  for  the  0.25-/im-!ong  device. 
Again,  two  points  are  emphasized.  The  first  point  shows  the  absence  of  any 
negative  differential  conductance.  The  second  point  is  that  the  presence  of 
increased  levels  of  charge  injection  yield  an  increase  in  the  drive  current  over 
that  of  the  l-/xm-long  device. 

The  transient  characteristics  at  0.25  /rm  are  displayed  in  Figs.  32-36.  The 
results  are  quantitatively  different  from  that  associated  with  the  1  -fim  device. 
The  first  difference  is  displayed  in  the  current  transient  (Fig.  32)  which  shows 
a  higher  peak  current  and  a  smaller  current  dropback.  As  revealed  in  the  time 
dependent  distributions  of  field  (Fig.  33)  the  higher  peak  current  (greater 
than  25%)  is  in  large  part  due  to  displacement  current  contributions.  The 
higher  long-time  steady  state  current  level  reflects  the  increased  injection 
level  (Figs.  34  and  35)  over  that  of  the  1 .0-/zm  calculation.  In  this  regard,  it  is 
again  pointed  out  that  the  exit  velocity  for  the  0.25-/rm  structure  is  below 
that  for  1.0  /im  (Fig.  36).  The  final  point  of  interest  involves  the  time  to 
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Hr.  30.  Steady  state  distribution  of  the  F-valley  carrier  velocity  at  three  values  of  bias.  Note 
that  the  velocity  increases  from  cathode  to  anode,  corresponding  to  a  decrease  in  the  V  valley 
carrier  density.  Parameters  arc  those  of  Fig.  28;  1'0  -  10’  cm/sec 
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Fi*.  32.  Magnitude  of  current  transient  following  application  of  a  step  change  in  potential 
for  a  0.25-pm-Iong  device  with  injecting  contacts.  Current  peak  exceeds  that  of  both  the 
uniform  field  structure  and  the  1 .O-pm  device  with  injecting  contacts.  Steady  state  current  level 
is  above  that  of  the  I  .O-pra  device  with  injecting  contacts.  The  time  to  relaxation  is  4.9  psec, 
which  is  approximately  40%  less  than  that  of  the  1.0-pm  device  with  the  same  average  field. 
Given  the  fact  that  the  structure  is  0.25  pm  in  length,  this  result  provides  evidence  that  the 
relaxation  effects  are  influenced  by  nontransit  time  effects.  Parameters  are  those  of  Fig.  28; 
y„-8X  lO'A/cm1. 
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Fig-  33.  (a)  and  (b)  Time-dependent  evolution  of  electric  field  distribution  for  the  0.25-//m 
device  subject  to  a  step  change  in  bias  of  0.25  V.  During  the  first  0. 1  psec,  the  field  propagates 
downstream  from  the  cathode,  indicating  a  propagating  accumulation  layer.  The  field  down¬ 
stream  from  the  cathode  is  relatively  uniform.  To  satisfy  the  constraints  of  constant  voltage 
across  the  device  there  are  displacement  current  contributions  at  the  bottom  half  of  the  struc¬ 
ture  that  account  for  much  of  the  difference  in  the  peak  currents  associated  with  the  0.25-pm 
and  I.O-^m  devices.  Parameters  are  those  of  Fig.  32.  (Continued  on  next  page.) 
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Fig.  34.  (a)  and  (b)  Time-dependent  evolution  of  total  carrier  density  within  the  0.25-jrm 
device.  Initial  propagation  characteristics  are  similar  to  those  of  the  1 .0-/im  devices.  Proximity 
effects  are  introduced  after  0.1  psec  and  differences  in  the  0.25-^m  and  l.0-/rm  calculations 
arise  Parameters  are  those  of  Fig.  32;  A'0  “  5  X  lO'Vcm’. 
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Fig.  36.  (a)  and  (b)  Distribution  of  T- valley  earner  velocity  following  application  of  a  step 
change  in  bias  of  0.25  V.  The  initial  velocity  distribution  is  similar  to  that  found  in  the  1 ,0-^m 
transient  study.  Downstream  velocity  values  during  the  first  0. 1  psec  are  higher  than  that  of  the 
1 .0-#rm  calculation  and  correspond  in  part  to  the  presence  of  slightly  higher  downstream  fields 
Parameters  are  those  of  Fig.  32;  V0  —  10*  cm/sec.  (Continued  on  next  page.) 
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Fig.  36.  (Continued) 

steady  state:  This  time  is  shorter  for  the  0.25-^m  electron,  but  not  a  factor  of 
four  shorter.  The  time  scales  involved  in  the  approach  to  steady  state  in¬ 
volves  nontransit-time  contributions. 


i  G.  Transients  in  n+-n~-n+  Structures  and  Length  Scaling 

The  final  two-terminal  structure  considered  is  the  n*-n~-n*  device,  and 
there  are  several  key  features  to  note.  The  first  is  that  the  dominant  interfaces 
for  this  structure,  the  rt+-n~  and  n~-n*  interfaces,  are  not  the  physical 
boundaries  of  the  device  and  are  thus  likely  to  have  a  different  effect  on  the 
electrical  behavior  of  the  device.  The  second  feature  of  importance  lies  in  the 
b  fact  that  the  electric  field  profile  is  highly  nonuniform  in  the  steady  state  and 

may  dominate  the  transient  and  completely  camouflage  all  submicrometer 
effects.  Third,  for  a  sufficiently  small  ri~  regions,  the  influence  of  the  n*  -  n~ 
and  n~-n*  interfaces  for  carrier  confinement  may  be  less  prominent.  Thus, 
this  last  two-terminal  structure  offers  the  most  serious  example  of  the  inter¬ 
play  of  the  interface  and  the  length  of  the  critical  submicrometer  region  on 
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the  electrical  characteristics  of  the  submicrometer  structures.  To  avoid  con¬ 
flict  with  the  influence  of  the  true  metal  confining  contacts,  the  physical 
boundary  conditions  at  the  cathode  were  taken  as 

«-«o.  *i  I'u-O,  ^-0,  (53) 

T.-300K,  Tu- 0. 

At  the  anode  all  second  derivatives  were  set  to  zero. 

The  n+-n~-n*  calculations  performed  were  for  the  one-dimensional 
structure  of  Fig.  37,  in  which  the  ri~  region  was  assigned  a  nominal  doping 
level  of  lO^/cm*  and  the  n*  region  was  at  10,7/cms.  The  length  of  the  n~ 
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Fig.  37.  (a)  One-dimensional  structure  used  Tor  calculations,  (b)  Donor  distribution  of  the 
n' -n~ -n'  structure  used  in  the  study.  In  the  calculations,  the  width  of  the  n~  region  (defined  at 
a  donor  level  of  10'Vcm’)  varied  from  0.416  toO.l  16  /tm.  In  all  calculations  the  width  of  the 
upstream  n *  region  was  unchanged. 
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region  is  specified  at  the  doping  level  of  lO“/cmJ,  and  varied  from  0.416  to 
0. 1 1 6  fim.  The  entire  structure  was  fixed  at  a  length  of  1 .0  //m.  The  design  of 
the  structure  dictates  that  nonuniform  fields  and  charge  densities  form 
within  it.  Thus,  again  the  relevant  experimental  quantity  is  current  density, 
rather  than  velocity.  The  first  set  of  results  is  shown  in  Fig.  38.  Figure  38 
displays  the  total  current  flowing  through  the  device  following  application  of 
a  voltage  pulse  of  magnitude  1.0  V. 

As  in  the  uniform  N0  studies,  the  calculation  is  performed  in  two  stages. 
The  first  involves  obtaining  a  steady  state  solution  at  0.0 1  V.  For  the  second, 
using  this  as  an  initial  condition  the  bias  is  raised,  in  one  time  step,  to  1 .0  V. 
Application  of  the  bias  in  one  time  step  replicates  the  procedure  of  most  of 
the  uniform  field  calculations. 

As  seen  in  Fig.  38,  the  current  displays  an  initial  peak  at  approximately 
0. 1 5  psec,  followed  by  a  drop  in  current  and  a  subsequent  rise  toward  a 


Fig.  38.  (a)  Time-dependert  current  following  application  of  a  step  change  in  bias  to  1 .0  V 
for  the  n'-n~-n *  structure  with  an  n~  region  of  0.4 16  fim.  The  structure  of  the  current  profile 
displays  significant  quantitative  differences  from  that  of  the  uniform  donor  calculations.  First, 
the  peak  in  the  current  occurs  within  0.10  psec,  which  is  below  that  of  the  uniform  donor 
calculations.  Second,  there  is  a  strong  current  minimum,  followed  by  relaxation.  Steady  state 
requires  approximately  IS  psec.  Parameters  for  the  calculation  are  listed  in  the  appendix,  (b) 
Magnification  of  dotted  area.  (From  Grubin  and  KreskovsVy  (13).) 
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Fig.  38.  (Continued) 

steady  state  value.  For  uniform  field  calculations  in  which  the  voltage  is 
increased  in  one  time  step  as  discussed  earlier,  there  is  an  initial  displacement 
current  whose  magnitude  is  determined  entirely  by  the  computational  time 
step.  Thereafter,  all  displacement  currents  are  zero  and  all  transients  are 
particle  current  transients.  (Note  that  with  a  load  line,  displacement  currents 
would  exist.)  The  situation  with  the  nonuniform  field  calculation  and  dis¬ 
placement  current  contributions  is  different.  Figure  39  displays  the  particle 
current  through  the  device  at  select  instants  of  time.  A  comparison  of  the 
magnitude  of  the  particle  and  total  current  indicates  that  within  certain  key 
regions  of  the  device  (particularly  near  the  n+-n~  and  n~-n*  interface 
regions)  that  the  displacement  current  dominates  the  current  level.  The 
general  conclusion  of  this  calculation  is  that  since  the  initial  transient  is 
strongly  influenced  by  displacement  current  contributions  it  would  be  inap¬ 
propriate  to  assume  that  the  initial  current  transient  is  a  measure  of  velocity 
overshoot. 

The  details  of  the  transient,  specifically  as  it  relates  to  displacement  cur¬ 
rent  contributions,  are  reflected  in  the  time  dependence  of  the  electric  field 
and  potential  profiles  (Figs.  40  and  4 1 )  and  the  spatially  dependent  charge 
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Fig.  39.  (a)  and  (b)  Spatial  distribution  of  particle  current  at  different  instants  of  time  for  the 
parameters  of  Fig.  38.  Also  shown  is  the  donor  distribution  N0.  The  largest  spatial  variation  in 
panicle  current  occurs  near  the  interfacial  boundaries. 
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Fig.  40.  (a)  and  (b)  Distribution  of  electric  field  following  application  of  a  bias  pulse.  Note 
the  strong  temporal  variation  in  field  at  the  upstream  interface  and  within  the  n~  region.  The 
propagation  characteristics  associated  with  the  electric  field  distribution  under  uniform  donor 
conditions  are  camouflaged  here  by  the  spatial  rearrangements  within  the  interface  region  (13). 
In  addition,  note  the  presence  of  the  strong  retarding  field,  one  that  is  characteristic  of  n*-n~- 
n*  structures  (see  also  Cook  and  Frey  (14]).  Parameters  are  as  in  Fig.  38.  (Continued  on  next 
page) 
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Fig.  41.  (a)  and  (b)  Spatial  distribution  of  potential  within  the  n*-n~-n*  structures  at 
different  instants  of  time.  Note  that  in  the  steady  state  approximately  1.0  V  falls  across  the 
0  4|  .jim-long  region.  It  may  be  anticipated  that  this  will  lead  to  large-scale  injection  into  the  n~ 
region.  Parameters  are  as  in  Fig.  38;  L  —  0.416  pm.  (Continued  on  next  page.) 
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Fig.  41.  (Continued) 

density  profiles  (Figs.  42  and  43).  It  is  noted,  however,  that  as  in  the  uniform 
field  calculations,  immediately  following  the  voltage  step,  the  electric  field 
increases  everywhere  by  the  ratio  of  the  applied  bias  to  the  length  of  the 
structure  (in  this  case  10  kV/cm).  This  initial  increase  introduces  a  displace¬ 
ment  current  whose  magnitude  does  not  correctly  represent  the  physical 
transient  but  rather  the  impulsive  change  in  the  applied  potential  over  a 
single,  small  but  finite  time  step.  Physically  accurate  calculations  follow  the 
initial  time  step  and  are  discussed  below. 

Prior  to  the  application  of  the  step  potential  a  retarding  field  is  formed  at 
the  upstream  n*-n~  interface  limiting  further  injection  of  space  charge  into 
the  n~  region.  This  retarding  field,  which  at  its  maximum  is  positive  in  sign,  is 
significantly  reduced  following  application  of  the  step  potential;  carrier  in¬ 
jection  into  the  rt~  region  is  thereby  resumed.  Two  events  accompany  this 
enhanced  injection.  First,  to  accommodate  the  increased  charge  within  the 
n~  region  Gauss’s  law  dictates  that  the  electric  field  within  the  region  must 
become  increasingly  negative.  Second,  the  space  charge  injection  is  self-lim¬ 
iting  in  that  as  the  process  of  injection  proceeds,  the  retarding  field  begins  to 


rarrnmi  »u  roirawnananniinnnnroaranCTKOTgKHg^^ 


6.  Rote  of  Boundary  Conditions  in  GaAs  Structures 


301 


Fig.  42.  (a)  and  (b)  Time-dependent  evolution  of  the  total  carrier  concentration  within  the 
n~-n~-n *  structure  (13].  During  the  early  transient,  the  space  charge  layer  displays  a  charac¬ 
teristic  propagation  downstream  from  the  cathode,  as  seen  in  the  uniform  donor  calculations. 
Insofar  as  the  form  of  the  electric  field  profile  is  controlled  by  differences  between  n  and  n^,  these 
propagation  characteristics  lose  the  distinction  that  emerges  from  the  uniform  donor  calcula¬ 
tions.  The  injection  level  is  almost  an  order  of  magnitude  higher  than  the  n~  donor  level. 
Parameters  are  as  in  Fig.  38.  ( Continued  on  next  page) 
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reform  and  positive  field  values  result  at  the  upstream  n*-n~  interface.  The 
process  of  an  increased  and  positive  retarding  field  accompanied  by  an 
increasingly  negative  field  within  then"  region  and  the  constraint  of  the  fixed 
potential  leads  to  the  spatially  dependent  displacement  currents  inferred 
from  Fig.  39.  Note  that  in  steady  state  a  significant  amount  ofinjected  charge 
resides  at  the  downstream  n~-n*  interface  and  results  in  the  presence  of  a 
downstream  retarding  field. 

Notwithstanding  the  displacement  current  contributions,  it  is  necessary  to 
determine  the  extent  to  which  the  carrier  velocity  can  exceed  the  equilibrium 
values.  For  the  structure  considered  herein  with  L„.  —  0.416  pm,  most  of  the 
current  is  transported  by  the  T-valley  carriers.  For  this  case,  the  mean  carrier 
velocity  thereby  exceeds  the  steady  state  value.  This  is  seen  in  Figs.  44  and  45, 
the  latter  displaying  a  plot  of  the  T-valley  temperature.  The  steady  state 
distribution  is  qualitatively  similar  to  that  reported  in  a  number  of  different 
studies  [14  - 16].  In  particular,  the  presence  of  a  local  cooling  at  the  n+-n~ 
interface  is  noted  [14J. 

There  are  several  noteworthy  features  associated  with  Fig.  44.  First,  there 
is  the  progressive  movement  of  the  velocity  layer  toward  the  downstream 
n~~n+  interface.  This  migration  is  associated  with  the  spatial  and  temporal 
derivatives  on  the  left-hand  side  of  Eq.  (2).  Second,  there  is  a  progressive 
decrease  in  the  velocity  in  the  n*  regions  as  dictated  by  the  decreasing  field 
within  these  regions.  Indeed,  the  possibility  exists  for  the  carriers  to  sustain  a 
transient  separation  at  the  n*-n~  interface,  with  carriers  on  the  upstream 
portion  of  the  interface  moving  toward  the  cathode  and  carriers  at  the  down¬ 


stream  portion  of  the  interface  moving  toward  the  downstream  boundary. 
This  separation  is  accompanied  by  compensating  displacement  current  con¬ 
tributions. 

The  results  clearly  indicate  the  presence  of  velocity  overshoot  under  non- 
uniform  field  conditions.  Under  uniform  field  conditions,  the  transient  fol¬ 
lowing  the  peak  velocity  is  dominated  by  electron  transfer.  The  question 
then  becomes:  do  similar  phenomena  occur  when  nonuniform  fields  are 
present?  Figure  46  is  a  plot  of  the  time  evolution  of  the  total  carrier  density 
and  the  T-valley  carrier  density  at  two  points  within  the  n+-n"-n+  struc¬ 
ture.  It  is  seen  that  as  in  the  uniform  donor  calculations  at  the  upstream 
portion  of  the  structure  very'  little  transfer  occurs.  Most  of  the  transfer  is  at 
the  downstream  portion  of  the  structure.  One  necessary  conclusion  as  before 
is  that  the  uniform  field  calculations  bear  little  resemblance  to  the  transients 
occurring  in  the  n*-n~-n *  structure. 

We  next  consider  the  dependence  of  the  results  on  the  length  of  the  n~ 
region  and  note  the  expectation  that  the  shorter  the  active  region  the  higher 
the  dc  drive  current  (10).  For  the  n*-n~-n*  structure,  as  in  the  uniform  N0 
structure  with  injecting  contacts,  a  significant  contribution  to  the  current 
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Fig.  <5 .  (a)  and  (b)  Time-dependent  evolution  of  the  spatial  distribution  off -valley  temper¬ 
ature  within  the  /t*-/r"-/t*  structure.  Note  that  in  steady  state  an  apparent  cooling  of  the 
carriers  occurs  within  the  region  near  the  n*  -n"  interface  where  a  large  encess  of  earners  is 
present  (see  also  Cook  and  Frey[l-J|)  Parameters  arc  as  in  Fig  38. 
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Fig.  46.  Transient  distribution  of  total  (O,  A)  and  T-valley  (•,  A)  carrier  density  at  two 
points  within  the  n*-n~-n*  strunure.  At  0.2  fxm  (O,  •),  there  is  no  electron  transfer  of  any 
significance.  At  0.5  (A,  A),  electron  transfer  occurs  at  the  end  of  the  transient.  Parameters 

are  as  in  Fig.  38. 

arises  from  the  excess  charge  injected  into  the  n~  region.  This  point  was  also 
made  by  East  and  Blakey  [  1 6],  who  also  examined  the  dependence  ofeurrent 
and  voltage  on  n~  region  length.  A  second  point  of  importance  here  concerns 
determining  which  portion  of  the  structure  dominates  its  transport.  It  may 
be  intuitively  expected  that  for  the  structure  considered  it  is  the  n~  region 
that  dominates.  This  appears  to  be  the  case  for  the  preceding  discussion.  But 
we  may  expect  that  for  a  sufficiently  small  n~  region,  no  single  region  domi¬ 
nates.  In  the  calculations  reported  here,  the  absence  of  a  single  dominating 
region  becomes  apparent  at  higher  voltage  levels  and  for  the  case  when 
Ls  =  0. 1 16  /an.  These  results  are  illustrated  in  Figs.  47-53,  with  particular 
attention  paid  to  voltage  sharing  and  electron  transfer  in  the  n+  region  as  the 
n"  region  is  reduced  in  size.  Figure  47  is  a  sketch  of  the  background  doping 
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Fig.  47.  Donor  concentration  for  n*-n~-n*  structure  with  three  different  n~  region 
lengths.  A,  Lm.  -  0.  II 6  /ira;  B,  L -  0.266  /rra;  and  C,  l,.  -  0.4 16  /<m.  The  calculations  for  C 
have  already  been  presented  and  are  included  for  completeness. 
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Fig.  48.  Steady  state  distribution  of  potentiaJ  for  structures  A,  B.  and  C  subject  to  a  bias  of 
1.0  V.  For  structures  B  and  C  the  potential  drop  is  confined  mainly  to  the  n~  region.  For 
structure  A  a  significant  fraction  of  potential  falls  across  the  n*  region. 


1  «**,«*j  * .  *  i 1  '  «i  i '  *  .*■*  Ji1  .uvt'A*  Ji\tr  Ji',n‘ 


H.  L.  Grubtn  and  J.  P.  Kreskovsky 


OlSTANCE  0/m) 

Fig.  49.  Steady  slate  distribution  of  total  earner  concentration  for  structures  A,  B,  and  C. 
Note,  for  all  three  structures,  the  free  carrier  concentration  closely  traces  the  donor  variation. 


0.00 


0  25 


0.75 


1.00 


DISTANCE  la»l 

Fig.  51.  Distribution  of  T-valley  carrier  velocity  for  structures  A,  B,  and  C.  Peak  velocity 
gradually  increases  as  the  n~  region  decreases  in  length.  Additionally,  the  upstream  and  down- 
stream  carrier  velocities  increase  as  the  n~  region  decreases  in  length. 
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Fig.  52.  Distribution  of  T -valley  electron  temperature  for  the  three  structures  A,  B,  and  C. 
Electron  temperature  distribution  is  qualitatively  different  for  structure  A.  A  longer  down¬ 
stream  n*  region  is  needed  before  the  temperature  approaches  300  K. 
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Fig.  53.  Steady  state  distribution  of  electric  field  for  the  three  structures  A,  B,  and  C.  Note 
that  for  structure  A,  a  large  residual  field  remains  across  the  downstream  N*  layer. 


level  associated  with  the  variable  n~  region.  Within  these  regions  and  at  a  bias 
of  1  V,  the  potential  iscalculated  self-consistently  and  is  displayed  in  Fig.  48. 
It  is  noted  that  for  n~  regions  of  length  0.266  and  0.416  pm,  most  of  the 
potential  drop  is  across  the  n~  region.  For  the  smallest  region  a  substantial 
potential  drop  falls  across  the  n+  region.  The  origins  of  this  enhanced  poten¬ 
tial  drop  may  be  found  in  examining  the  self-consistently  computed  charge 
distribution  (Fig.  49)  which  shows  the  presence  of  an  excess  charge  accumu¬ 
lation  at  the  downstream  n~~n+  interface,  resulting  in  a  change  in  sign  of  the 
curvature  of  the  potential.  The  distribution  of  T-valley  carriers  is  displayed 
in  Fig.  50,  where  the  presence  of  a  substantial  electron  transfer  in  the  n * 
region  is  noted.  The  carrier  velocity  (Fig.  5 1 )  and  electron  temperature  (Fig. 
52)  within  the  T  valley  display  the  expected  increases  for  the  shorter  n~ 
region.  The  electric  field  distribution,  shown  in  Fig.  53,  displays  higher  field 
values  within  the  n *  region. 

The  significance  of  the  preceding  result  is  that  while  variations  in  the  total 
charge  density  tend  to  screen  variations  in  the  doping  profile  of  the  structure, 
the  potential  drop  across  the  n~  region  may  be  small  enough  to  allow  a 
substantial  drop  across  the  downstream  n *  regions  thereby  permitting  elec¬ 
tron  transfer  to  occur  away  from  the  n~  region.  This,  of  course,  is  not 
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unexpected.  It  is  implicit  in  the  design  of  Gunn  oscillators  with  doping 
variations  assigned  the  task  of  domain  nucleation  sites.  The  current  -  voltage 
characteristics,  therefore,  are  expected  to  reflect  a  complex  set  of  electrical 
phenomena. 

Figure  54  displays  a  series  of current-versus-voltage  curves  for  n+-n~-n* 
structures  with  the  indicated  n~  region  length.  Each  curve  displays  J/J^ 
versus  The  is  the  computed  value  of  current  at  *=  0.25  V.  The 
valued  y^is  indicated  in  the  figure  caption.  Because  of  the  intuitive  relation¬ 
ship  between  the  space  charge  injection  properties  of  the  submicrometer 
n*-n~- n+  structure  and  those  associated  with  Child’s  law,  a  power  law  Ja<t>y 
was  extracted.  Note  that  increases  as  the  /T  region  decreases  in  length.  At 
low  bias  levels  the  current-voltage  relationship  appears  to  follow  a  power 


Fig.  54.  Steady  state  current -voltage  characteristics  for  the  three  structures  A,  B,  and  C. 
The  current  level  for  structured  is  higher  than  that  of  B  which  in  tum  is  higher  than  C.  Note  that 
the  low-field  resistance  of  structure  A  is  the  lowest  of  the  three.  Also  included  for  reference  are 
the  Child's  law  J  —  d)'1,  J  -  <J>",  and  J  —  d>  curves.  J,—  1.6  X  I04  A/cm2;  d>^  —  0.25  V. 


■■n'lV.VAA' 


316 


H.  L.  Grubtn  and  J.  P.  Kreskovsky 


relationship  that  is  slightly  less  than  J/J^,  —  (<bl4>ntf  with  y  —  1.7  (as  com¬ 
pared  to  a  Child’s  law  relationship  where  y  *=  1.5).  At  higher  values  of  bias 
there  is  enhanced  sublinearity  in  the  current- voltage  relationship,  due  in 
part  to  electron  transfer  to  the  satellite  valleys. 

As  indicated  above,  a  considerable  amount  of  electron  transfer  occurs  in 
the  downstream  portion  of  the  n+  region  when  the  n~  region  is  decreased  in 
length.  Indeed,  the  detailed  calculations  indicate  that  the  relative  amount  of 
electron  transfer  increases  as  the  n~  region  decreases  in  length.  At  first 
glance,  this  result  appears  to  contradict  all  that  has  been  discussed  about 
transport  in  submicrometer  devices.  But  it  is  not  unusual  when  it  is  realized 
that  as  the  ri~  region  decreases  in  length  a  greater  fraction  of  the  voltage  drop 
falls  across  the  n+  regions  of  the  device.  It  is  this  latter  feature  that  is  responsi¬ 
ble  for  the  enhanced  transfer.  To  place  this  in  different  terms,  the  active 
region  length  of  the  device  increases  as  the  n~  region  becomes  insignificantly 
small. 


IV.  Conclusions 

The  major  technological  interest  in  transient  transport  arises  from  the 
predictions  of  unusually  high  mean  carrier  velocities.  The  initial  discussions 
of  these  high  velocity  values  was  for  uniform  space  charge  distributions,  but 
the  results  were  thought  to  be  relevant  for  those  situations  where  the  mean 
carrier  energy  was  insufficient  to  lead  to  substantial  electron  transfer  in 
gallium  arsenide.  Thus  the  trend  developed  toward  submicrometer-scale 
devices.  The  complication  that  arises  in  submicrometer  devices  is  that  the 
boundary  conditions  will  be  the  determinant  as  to  whether  high  velocities 
will  be  attained.  Additionally,  the  constraints  of  current  continuity  dictate 
whether  high  velocities  will  be  accompanied  by  high  carrier  densities.  For 
example,  in  the  case  of  injecting  contacts  the  velocity  of  the  entering  carriers 
was  significantly  below  that  within  the  interior  of  the  semiconductor.  The 
situation  was  re\'ersed  for  the  case  of  partially  blocking  contact  conditions. 

Several  critical  results  emerged  from  the  discussion:  (1)  Transient  over¬ 
shoot  in  submicrometer  structures  reflects  the  presence  of  velocity  overshoot 
and  displacement  current  effects.  It  is  not  possible,  in  a  simple  way,  to 
separate  the  two,  with  the  result  that  transient  measurements  of  overshoot 
require  extreme  care  in  interpretation.  (2)  Relaxation  times  to  steady  state 
are  dominated  by  the  dominating  boundary;  e.g.,  either  the  metal  contact  or 
the  critical  interface.  Relaxation  times  do  not  scale  linearly  with  device 
length.  The  relaxation  time  scales  monotonically  with  length.  (3)  Transient 
overshoot  effects  are  dependent  upon  rise  times  and  the  time  for  relevant 
field  rearrangement  within  the  structure. 
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APPENDIX.  DIMENSIONLESS  EQUATIONS  USED  IN  THE 
NUMERICAL  SIMULATIONS 

The  continuity  equations  in  dimensionless  form  are  as  follows: 
(i)  Equation  (3): 


(ii)  Equation  (5): 
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with 


r=?. 

Re  = 

The  energy  balance  equations  in  dimensionless  form  are  as  follows: 
(i)  Equation  (30): 

in-T-  SnJT-yf  ,  1 _ *_ 

*•  to ;  '  '  ' '  '  to/  *rfrn;t; 

V*iVV 

+  y(y  -  [2«r/3  -  «?/:  +  ("*  -  «?)/*]■ 
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(ii)  Equation  (31): 
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X  (2(11*  -  nf)/4  +  «r/.  -  («*  -  "D/il 
-  (n*  -  nDTJ/V  +  n?T?ft. 

The  dimensionless  terms  and  parameters  are  identified  in  the  following 
tabulation: 


/j  =  r5/rref. 
/,  =  r7/rrcf. 

X?  =  X,/Krtf, 

cri-i*„ 

c:-cjc^. 


ft  ~ 

ft  =  f"l  /f'rcf* 
«"*  =  K2/Kref, 


C„  =  ^3. 


c*  =  C,/c, 


2  * 


Q.=  ^r. 
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Poisson’s  equation  in  dimensionless  form: 
(i)  Equation  (1): 

&<*>• 


■S>»[n*  +  ( n *  -  w?)  -  nJJ. 


The  dimensionless  terms  and  parameters  are 


The  boundary  conditions  in  dimensionless  form  are: 

(i)  Equation  (32): 

dn *  dnj  _  dV*  _  aP?  dTj  _  a7~? 
ax*  ax*  ax*  ax*  ~  ax*  ax* 

x = o,  </>*  =  o, 

Ht 

x  —  L,  <f>*  =  <t>a. 


(ii)  Equation  (40): 


a2/!*  _  a2/!?  _ 
ax*2  ax2 


“■  ‘  "'ix-  "• 


^-0,  r,-r,*.  i2»o,  *•  -  o. 


(iii)  Equation  (4 1 ): 


a2n*  a2**  a2^*  a2!/?  a2^  a2^* 

ax*2  ax*2  ax*2  ax*2  ax*2  “  ax*2  “ 


d>*  =  o. 


(iv)  Equation  (53): 


-  1  “77+7, 

dT* 

rr  =  r*’  a^  =  a  **  =  0’ 

where /,  and /2  are  evaluated  at  7'=7'ITf.  Common  parameters  and  dimen¬ 
sionless  reference  quantities  are  given  in  Table  A-I. 
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TABLE  A-l 


Parameters 


Dimensionless  Reference  Quantities 

Figure  number 

Parameter 

1-4 

9-19 

21-27 

28-36 

37-53 

Device  length  Qim)  1 .0 

1.0 

5.0 

0.25 

1.0 

*«r  (pm) 

t.0 

1.0 

5.0 

0.25 

0.75 

#>„,  (cm->) 

5.  X  10“ 

5.  X 10“ 

5.  X 10“ 

5.  X 10“ 

1.  X 10“ 

r^(psec) 

1.0 

1.0 

5.0 

0.25 

0.75 

r^dO'Vsec) 

1.0 

1.0 

0.2 

4.0 

1.33 

(J/K.  cm  sec) 

2.0  X10-* 

2.0  X10-* 

2.0  X10*‘ 

2.0  X10*‘ 

4.14  X  I0-* 

P„r  (gm/cm  •  sec) 

J.74X  I0-" 

5.74  X  10-“ 

5.74  X  10-'1 

5.74  X  I0-" 

1.15  X  I0-* 

Re 

53.17 

53.17 

265.86 

13.29 

39.88 

Sn 

8.16 

8.16 

204.00 

0.51 

91.84 

f  0.6 

0.6 

0.5 

0.15 

1.0 

1.0 

1.0 

1.0 

0.25 

<*>• 

2.0 

2.0 

1.5 

0.50 

2.0 

3.0 

t: 

— 

1.0 

4.0 

1.0 

1.0 

p«* 

— 

1.56 

0.08 

6.25 

— 

Common  parameters 

-  10*  cm/sec 

m*  —  1 

<-1.0 

<fw-  i.ov 

mj  —  3.31 

<-1.0 

/n„,-6.IOX  10 

”g 

Rf  «  1.0 

Pr  -9.40 

A,  —  1.38  X  10‘ 

J/K 

RJ  -  1.0 

Pf-  2.62 

R"t  —  2.26  X  10s  J/K  •  gm 

pr-  i.o 

M  —  2.97 

T—  300  K 

Pj  “  1-0 

V,  -  3.36  X  J0?  cm/sec 

w/ 


a 
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RAND  STRUCTURE  DEPENDENT  TRANSIENT  TRANSPORT  IN  NEAR  AND  SUBMICRON  LENCTH  SEMICONDUCTOR  DEVICES* 
II. L.  CRUHIN  .ind  J.P.  KRESKOVSKY 

Scientific  Research  Associates,  Inc.,  Clastonburg,  Connecticut  06033,  USA 

Scaling  principles  arc  applied  to  the  moments  of  the  Boltzmann  transport  equation  to  establish 
guidelines  for  submicron  dcvicc/matcrial  selection. 


INTRODUCTION 

The  rapid  advances  In  numerical  methods  to 
calculate  hand  structure  parameters  on  demand 
(Dow*),  and  the  need  to  provide  choices  for 
device  applicable  semiconductors  has  spurred 
interest  in  the  development  of  guidelines  for 
material  selection.  The  guidelines  must  ad¬ 
dress  high  speed,  hot  carrier,  requirements, 
and  determine  the  constraints  these  materials 
impose.  In  the  past,  device  structures,  such 

as  the  field  effect  transistor,  submitted  to 
figures  of  merit  which  taught  thac  high  mo¬ 
bility  and/or  saturated  drift  velocity  were 
beneficial.  These  figures  of  merit  were  de¬ 
rived  from  che  steady  state  field  dependent 
velocity  relationships.  The  situation,  as  is 
now  known,  is  thac  the  equilibrium  transport 
parameters  are  not  relevant  for  submicron  de¬ 
vices.  To  treac  these  devices  a  set  of  scaling 
guidelines,  discussed  by  Thornber",  is  intro¬ 
duced.  These  guidelines  result  from  an 

analysis  of  che  Boltzmann  transport  equation 
;kTK)  ,  in  •-•hick  length  and  tl-e  scales,  and 
scattering  rates  are  altered.  !'-e  application 


guide l i n  e 


to  sub-1  i  ere  •  devices  was 


is  o'l'tr 


to  uniiorn 


•d  below  for 


non -un  i  for~  fields.  T1’-’  basir  conclusion  of 
".ue  stud',  is  !'u;  all  relevant  device  figures 
of  merit  are  dependent  upon  their  critical 
feature  size,  and  the  results  obtained  for 
micron  length  structures  are  not  necessarily 
appl table  to  suhmirron  structures. 


RELEVANT  TRANSPORT  EQUATIONS  AND  SCALINC 
The  BTE  for  electrons  in  a  parabolic  band 
with  effective  mass  m  Is: 


iL  ♦  J>L  .  v  f  _  .*1 .  v  ,  = 

(j|  m  '  Tt  k  I*' 

-  ^{/dh’wt  IT,  k‘)»(K)(l-f(i?)) 

—  /dskW(k*,k)f(k*)(l-f(K))} 

where  W(k,k')  is  the  probability  of  a  carrier 
undergoing  a  transition  from  the  state  k  to 
the  state  k'.  As  used  in  submicron  transport 
W(k,k')  is  usually  separated  into  contribu¬ 
tions  from  each  band.  Scaling  as  discussed  by 
Thornber  is  typified  by  the  following  exam¬ 
ples:  [ l ]  Under  uniform  field  tine  independent 
conditions,  scaling  W  by  a  constant  X,  i.e., 
W( k ,k ' )=XU(k ,k ' ) ,  results  In  an  alteration  of 
the  mean  carrier  velocity  V(F)*l'x(XF)  where 
the  latter  is  the  scaled  mean  velocicv  and 


~  <*'*/;<  a 


If  X=l  represents  Ga  -s ,  then ,  as  seen 
Kef.  ,  the  field  dependent  velocitv  relation 
is,  a  pa  r  t  f  r*r.  c  he  rep,  i  on  of  :**»»:  a : :  ve  d  i  f :  - 
ereiui.il  nohiMtv,  reir.  ?  r  k.ih  1  v  sir  liar  to  th* 
or  InP.  Add  i  t  i onn  1 1  v  the  A-l  2  i-j:  vo  hears 
st  ro'u:  resersh  1  once  t«>  the  tie!*.  denende  1 
velooii  v  of  In^.tAs.  (  1  |!  a  x-o*!  st.ru  seat’.' 

is  i  1  u*K'd  ;  n  tin*  *  ■  *ie  m  -  :  :  ' : 
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system  1*  altered,  with  Vx(F(t),t|> 
V|r/l(lt),U|.  The  implication  Is  that 
relaxation  effects  are  more  rapid  for  A 
greater  than  or  equal  to  unity,  as  Illustrated 
hclow.  |3|  The  situation  with  spatial  scaling 
Is  similar*  If  the  BT£  Is  solved  for  a 
spatially  varying  sinusoidal  field,  and 
recomputed  for  a  constant  scattering  scaling. 
It  Is  found  that  similar  velocity  variations 
will  occur  for  the  scaled  device  but  over  the 
distance  L/A,  providing  the  amplitude  of  the 
field  is  Increased  by  the  factor  A. 


Apart  from  the  fact  that  practical  constant 
scattering  scaling  Is  not  possible,  as 
discussed  below,  the  physical  situation  Is 
more  complex  then  indicated  because 
self-consistency  has  been  Ignored.  Thus, 


Poissons  equation: 


4(n-n0) 


muse  be  solved.  If  x  Is  altered  by  the  con¬ 
stant  A,  the  right  hand  side  of  equation  (3) 


is  increased  by  the  factor  A2,  and  the  donor 


and  carrier  density  must  be  altered. 


The  relevance  of  altering  all  scattering  rates 
by  the  same  constant  is  moot,  and  is  intro¬ 
duced  as  a  starting  point  for  discussion.  It 
dirrers  from,  the  classical  scaling  as  discus¬ 


sed,  e.g.,  by  Bar-Lev  ,  insofar  as  it  focuses 


attention  on  alterations  in  the  nohilitv 


the  extrinsic  characteristics  of 


structure,  .'.Ithiucn  the  latter  will 


S'",  ir  -.c  somicoi’  lectors  are 


Inr  hand  structure)  hv  .1 


- 1'  -  ,  LO  phonon  , 


an.!  these  are 


(  Vo  (  eve  !  ->  o! 


!  a  ’  >  scat  t  e  r i n 


In  Crubln  ,et  al.  tn  calculating  transport 


the  first  three  moments  of  the  BTC  are 


utilised.  The  scaling  arguments  as  applied  to 
the  BTC  arc  applicable  to  the  moment  equations 
and  the  conceptual  results  are  Interchangable . 


MOMENTS  OF  THE  BOLTZMANN 


TRANSPORT  EQUATION  (MBTR) 


The  three  moment  equations  are:  continuity. 


momentum  and  energy  balance;  and  are  written 
for  two  species  of  carriers.  Thus,  n*n|*nj, 
where  nj  and  n;  designate  Che  population  of 
Che  T  and  L  valley,  respectively.  Poisson's 
equation  Is  coupled  to  the  moment  equations. 


Che  first  set  of  which  involves  contlnuitv; 


<5n,  d  nTik* 

~aT  1  ~  ~A - - n  T  +  (n-n)[\ 

ot  d*.  m  I  1  '  1  2 


Here  T  designates  the  scattering  rate.  It  Is 
noted  for  parabolic  bands  hlc)i/ni*  vj  j. 
An  equation  similar  to  (4)  describes  transient 
population  changes  in  the  L  valley,  '•'her.  the 
two  are  combined,  a  global  continuity  equation 


results. 


d  Tlk!  T>k' 

T-  ni  ~?Fr  +  — 


*,r  m. 


The  quancitv  in  the  brackets  of  ecuit  ir¬ 


is  the  velocity  flux  density. 


system  and  is  related  co  a  rea- 


dependent  drift  velxcit' 


total  current  dens;:-,  includi't  r t - r 1  a : 
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The  quantity  QJ  Is  rero  for  spherically  dis¬ 
tribution  functions;  more  generally  It  repre¬ 
sents  a  flow  of  heat  and  Is  treated  phenomeno¬ 
logically  through  analogy  to  Fourier's  law. 
Similar  equations  occur  for  the  L  valley. 

CALCULATIONS  WITH  CONSTANT  SCALINC  PARAMETERS 
To  Illustrate,  the  governing  equations  are 
altered  through  the  prescriptions  of  second 
section.  For  this  case  the  unsealed  CaAs  de¬ 
vice  sustains  spatially  non-uniform  transport 
arising  from  Injecting  cathode  boundary  condi¬ 
tions. 

For  the  first  set  of  calculations  all  scatter¬ 
ing  rates  are  altered  by  the  constant  X.  With 
all  velocities  measured  against  I0**cm/sec,  all 
reference  times  and  lengchs  are  scaled  as: 
C-t/X .  For  a  constant  potential, 

scaling  'x'  requires  an  alteration  In  the  ref¬ 
erence  density.  The;,  n*X  u.  (it  is  noted 
that  no-eotun  balance  contains  a  viscous 
contribution,  which  <-  the  scaled  svseem  is 


increasi 
tion, 
req  u  .  re ■ 


bv  the  X. 
v  •.  nc  I  us  i  • 
that  it  b- 


scali"c  c  '".slun:  l » t r ■ . -  : 


r  energy  hi  lance  equa- 
i  thermal  conductivity, 
nrreased  bv  the  same 
'  ^  ,  et  a  1  ) )  . 


long,  and  subject  to  the  Indicated  values  of 
btas.  The  Inset  Indicates  that  for  X-2,  an 
identical  result  Is  be  obtained  for  a  length 
of  0.5  microns  with  an  average  field  twice 
that  of  the  unsealed  calculation.  This  result 
indicates  the  nonunlformltles  to  be  expected 
In  InP,  once  results  for  CaAs  are  known. 
Similarly,  the  results  for  A— 1/2  are 
representative  of  InCaAs.  Figure  2  shows  the 
current  transient  for  the  CaAs  structure 
subject  to  an  Instantaneous  change  In  bias  to 
1.0  volts.  There  Is  a  current  overshoot  that 
Is  related  In  part  to  velocity  overshoot.  The 
significance  of  figure  2  Is  the  Indication 
that  InP  Is  likeky  to  be  faster  than  CaAs, 
whereas  that  CalnAs  Is  likely  to  be  slower. 
Note  results  with  Cunn  diodes  appear  to 
indicate  an  InP  upper  frequency  limit  that  Is 
higher  than  that  of  comparably  prepared  CaAs 
diodes;  although  the  evidence  Is  not 
unequivocal  that  the  origin  of  this  difference 
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1.  V(F)  versus  deformation  coupling  coefficient 
and  intervalley  separation.  Ref.  4. 

CONCLUSIONS 

The  above  study  indicates  that  a  set  of  guide¬ 
lines  can  be  established  for  scaling  materials 
and  devices,  and  used  for  making  broad  compar¬ 
isons  between  such  materials  as,  e.g.,  InP  and 
InCaAs,  Si,  and  GaAs.  The  principle  conclu¬ 
sion  from  this  scaling  study  is  that  for 
suhnicron  devices  any  alteration  in  the  band 
structure  that  increases  either  the  number  of 
carriers  in  the  r  valley,  increases  the  carri¬ 
er  nobility,  will  yield  an  improved  figure  of 
merit  for  suhnicron  feature  size  devices. 
Saturated  drift  velocity,  as  obtained  from  the 
mean  velocity  of  the  carriers  is  not  a  signif¬ 
icant  figure  of  merit  for  subnicon  devices, 
in  t'-e  ah  scree  of  thermal  considerations,  this 
places  -  material  like  InCaAs  in  a 

t  .ivore.  p  1  e  >.on  f  r  small  signal  device 

ie  other  hand  for  large  signal 
ion,  "’As  is  Superior  to 


■i  If-  ; vn  See"  obtained 

ill''  •  density  dependent 

•id--  .  ’Iso  been  performed, 

■'.t:  ■■..*•  •'!.  The  ef  sects  of 

...  ,  •  •  •  ,  ire  well  known  and 


<(>  , 

4.  I-V  versus  deformation  coupling  coefficient 
and  Intervalley  separation.  Ref.  4, 


of  field.  But  of  more  importance,  is  that  an 
Increased  density  serves  to  increase  the  non¬ 
uniformity  of  the  space  charge  distribution 
resulting  in  reductions  in  current  level  that 
are  significantly  higher  than  those  aris¬ 
ing  from  ionized  impurity  scattering.  This 
result  tends  to  camaflouge  interpretation  of 
mesurements  concerning  the  effects  of  impurity 
scattering. 
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ts  completely  accounted  for  by  the  results  of 
scaling. 

The  situation  above  Is  artificial  hut  there 
are  relevant  extrapolations.  For  exaaplc,  the 
effects  of  Intervalley  scattering  Increases  as 
the  length  of  the  structure  Increases.  This 
result  suggests  that  tntervalloy  scattering 
effects  at  scaled  field  values  becomes  more 
promlnant  In  smaller  structural  lengths  In  the 
1  =  2  material  than  In  either  the  X«l/2,  or  X»l 
material.  It  is  noted  that  in  scaling  these 
structures,  an  increasing  scaling  parameter  is 
matched  by  a  decreasing  background  doping. 
Should  scaling  be  performed  without  a 
comparable  decrease  in  doping  leveL  field 
nonuniformities  would  be  more  pronounced. 

CALCULATIONS  WITH  VARIABLE  PARAMETERS 
The  relevance  of  scaling  ts  emphasized  in 
chose  cases  where  the  scattering  rates  are 
nonunif ormly  changed.  Here  two  types  of 
calculations  illustrate,  one  in  which  all  hue 
one  of  the  scattering  elements  of  GaAs,  Che 
intervallev  deformation  potential  coefficient, 
is  constant.  In  the  second,  only  the  inter¬ 
valley  energy  separation  is  altered.  The 
uniform  field  dependent  mean  carrier  velocicy 
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are  shown  In  figure  5.  The  Increased 
deformation  potential  coupling  coefficient 
results  In  an  Increased  saturated  drift 
velocity,  but  a  corresponding  decrease  In  the 
r  valley  velocity  at  high  values  of  electric 
field.  The  results  have  the  following  signifi¬ 
cance:  Present  choice  of  semiconductor 

materials  for  such  devices  as  the  field  effect 
transistor  are  based  upon  several  critical 
material  parameters,  one  of  which  Is  the  sat¬ 
urated  drift  velocity.  Indeed,  part  of  the 
Si/GaAs  controversy  Is  based  on  the  value  of 
the  electron  saturated  drift  velocity,  which 
is  higher  for  Si.  The  situation  for  submicron 
devices  is  that  f  valley  transport  dominates 
device  behavior,  as  revealed  by  supplementary 
one  and  two  dimensional  studies  (see 
Hausec,7  et  al).  The  effect,  of  this  parameter 
variation  Is  shown  in  figure  4  which  displays 
the  current  voltage  relations  for  a  1/4 
micron  structure  with  a  doping  level  of 
8  X  I0l6/cm3,  variable  intervalley  separation; 
and  for  a  1.0  micron  structure  variable 
coupling  coefficient,  with  a  doping  of 
5xl0l5/C(n3  .  Both  calculations  are  for 

nonuniform  fields  arising  fron  injecting 
contacts.  Note:  "or  the  variable  coupling 
coefficient  calculations  the  scale-  material 
with  the  highest  r.o'ility  is  that  yielding  the 
highest  current  levels.  The  turn  around  to  a 
saturated  drift  velocity  dominated  material 
occurs  at  longer  device  lengths.  :be 
situation  with  :  e  variable  interval  ;e> 
separation  is  sliov'  nigher  current  .evols  .or 
c  r  sc  it  .  i  r,  \  z  ~  ,  ,1 1*  i  n 
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A  STUDY  OF  NEAR-MICRON  InP  TRANSFERRED  ELECTRON  DEVICES 
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Me  have  experlaienUlly  Investigated  a  large  number  of  InP  Transferred  Electron  Devices  ranging 
from  1  to  2  alcrons  in  thickness,  and  have  nuaerically  simulated  their  behavior  using  both  a  drift 
and  diffusion  model  and  a  Boltzmann  transport  equation  approach.  Me  were  able  to  fit  the  sUtic 
I (V)  curves  and  threshold  conditions  rather  well  by  a  proper  choice  of  ideality  factor,  n,  in  the 
control  characteristic,  which  we  assumed  to  be  that  of  a  Schottky  diode. 


1.  INTRODUCTION 

Ue  have  obtained  good  agreement  between  our 
experimental  results  and  numerical  simulations 
of  transport,  in  transferred  electron  InP  devices 
as  snail  as  1.0  micron  .  The  amplification  and 
oscillatory  characteristics  of  the  devices  were 
examined  in  high-Q  resonant  cavities  in  the 
75-100  Ghz  region.  Theoretically,  we  used  a 
standard  drift  and  diffusion  model  to  predict 
both  the  static  and  dynamic  characteristics  of 
the  device,  and  calculated  the  velocity-field 
curve  using  the  Boltzmann  transport  equation 
(3TE) .  Our  work  has  centered  on  the  vital  role 
that  contacts  play  in  influencing  hot  electron 
phenomena.  The  cathode  contacts  were 
characterized  as  Schottky  diodes,  and  the 
ideality  factor,  n,  was  the  single  parameter 
eiployed  to  fit  the  prethreshold  current-voltage 
( I (V ) )  characteristics.  From  the  temperature 
dependence  of  the  dc  to  ac  conversion 
efficiency,  we  have  also  been  .able  to  estinate 
the  manner  in  which  electrons  enter  into  the 
active  region  for  specific  contacts. 

7.  EXPERIMENT 

Tne  devices,  provided  by  the  Yarian  Solid 
State  Microwave  Division,  were  constructed  with 


the  active  region  doped  n-type.  The  carrier 
concentration  varied  from  7.6  to  9.5  *  lO^/cs3 
with  active  region  lengths  varying  from  1.60  to 
1.96  microns.  The  cathode  contacts  consisted  of 
Vi/Ni/Ge-InP  junctions  t4t11e  the  anode  conUet 
was  an  n-n+  junction  with  the  n*  region  doped  to 
about  10^ /cm?  The  devices  were  packaged  on  a 
threaded  stud  suitable  for  operation  In  the 
75-100  GHz  frequency  range. 

The  oscillatory  characteristics  were  examined 
while  the  device  was  inserted  in  a  high-Q  narrow 
bandwidth  resonant  cavity  using  a  radial  hat 
bias  choke.  While  mounted  in  this  environment 
the  following  data  were  collected:  pulsed  {to 
prevent  burnout)  t{V)  characteristics, 
oscillation  threshold  point,  frequency  of 
oscillation,  and  output  power.  (Because  of  the 
relatively  high  rate  of  burnout,  once 
oscillations  were  observed  (on  a  power  meter) 
the  bias  was  not  increased  by  nore  than  a  few 
tenths  of  a  volt.) 

All  of  the  devices  displayed  some  degree  of 
current  saturation  prior  to  the  onset  of 
oscilation.  The  frequency  of  oscillation  was 
determined  primarily  by  the  radius  of  the  radial 
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hat  used.  When  akrowave  power  was  observed, 
the  E-H  tuner,  serving  as  an  Impedance 
transformer,  was  adjusted  to  give  a  max  kin 
reading.  The  region  of  power  observed  was.  In 
general,  a  sharp  peak  with  almost  no  power 
readings  greater  than  a  milliwatt  being  observed 
at  frequencies  of  more  than  *0.5  GHz  away  from 
the  center  frequency  of  oscillation  (F0). 
Efficiencies  as  high  as  St  at  a  duty  cycle  of 
101  were  observed  (40  nil  RF  power  at  8S.6  GHz), 
tn  general,  back  short  tuning  was  not  able  to 
shift  F0  along  the  frequency  spectrin  in  any 
systematic  manner. 

It  is  interesting  to  note  that  some  devices 
with  low  current  levels  wnuld  not  oscillate  In 
the  pulsed  mode  but  did  oscillate  in  the  CW 
regime.  This  behavior  can  be  attributed  to 
heating,  which  lowers  the  velocity-field  (V(E)) 
curve  and  increases  the  cathode  current  levels. 
This  provides  for  an  intersection  of  the  V(E) 
curve  with  the  cathode  control  characteristic; 
domain  nucleation  results'*2. 

Investigation  of  the  amplification 
characteristics  were  carried  out  using  a 
reflection  amplifier  configuration.  The  tests 
were  run  in  the  CM  mode  in  order  to  obtain  more 
accurate  readings  from  the  power  detector.  The 
observed  behavior  fell  into  several  catagories 
(again  depending  on  i/iich  choke  was  used):  1) 
oscillation  only,  with  no  prethreshold 
anpl ification;  Z)  anpl ification  ( increasing  with 
increasing  bias)  followed  by  oscillation;  3) 
amplification  increasing  then  decreasing  with 
increasing  bias  followed  by  (in  some  cases) 
oscillations.  Vhile  the  highest  efficiency 
•device  did  give  the  highest  gain  (12<1B  at  BO 
GHZ),  the  higher  efficiency  devices  generally 
did  not  produce  gains  higher  than  the  lower 
efficiency  devices.  Furthermore,  the  highest 
gains  were  obtained  just  prior  to  reaching  the 
threshold  current  and  voltage  conditions.  The 


narrow -band  circuits  displayed  a  shift  In  the 
gain  curve  along  the  frequency  axis  (90  to  96 
GHz)  as  the  back  short  was  moved  with  almost  no 
decrease  In  gain  at  the  peak  gain  curve. 

3.  THEORY 

Theoretical  calculations  were  carried  out 
assuming  the  cathode  junction  was  a  modified 
Schottky  barter  having  the  form  (3) 

I  -  Ir  (exp( -qV/nkT)-exp( { (1/n) -1 )qV/kT) ) 

where  Ir  Is  the  reverse  saturation  current,  g 
the  electronic  charge,  and  k  the  Boltzmann 
constant.  The  analysis  utilized  the  drift  and 
diffusion  equation,  which  was  solved  by  means  of 
finite  deferences.  I(V)  curves  were  obtained 
and  fit  to  the  experimentally  generated  curves 
by  varying  the  Ideality  factor  n.  They 
predicted  the  threshold  point  to  better  than 
I0X,  and  also  the  region  of  bias  corresponding 
to  gain  and  loss2*3.  The  high  efficiency 
devices  were  found  to  have  the  intersection  of 
the  cathode  controT  characteristic  and  V(£) 
curve  in  the  region  near  velocity  saturation,  as 
shown  in  Figure  1.  The  influence  of  the  cathode 
contact  caused  most  of  the  device  field  to  fall 
within  the  NOM  region,  with  the  field  decreasing 
gradually  from  cathode  to  anode.  Figure  2 
compares  an  experimentally  measured  and 
numerically  determined  I (V )  curve  for  a 
particular  sample. 

Solutions  of  the  first  3  moments  of  the  BTE* 
for  uniform  field  devices  predicts  V(E) 
trajectories,  for  the  large  signal  case,  that 
vary  markedly  from  the  static  V(E)  relationship. 
Regions  of  velocity  overshoot,  NDM,  and  a  region 
of  velocity  saturation  as  the  RF  voltage 
decreases  are  observed.  The  situation  for  s-.al  1 
signals  is  different.  The  V(E)  trajectory 
follows  the  static  curve  more  closely. 
Calculations  utilizing  non-uniform  field 
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configurations  art  presently  being  carried  out. 
the  optima*  snail  signal  galas  seen  to  occur  la 
devices  with  relatively  uniform  field 
configurations  (near- threshold);  the  results  In 
the  snail  signal  reglne  nay  not  differ  greatly 
from  what  Is  being  reported  here. 


FIGURE  1 

Cathode  control  characteristic  and  Y(E)  curve 


FIGURE  2 

J(E)  characteristic  of  sample  (experimental  and 
computed) 


4.  CONCLUSIONS 

In  sumary,  near-micron  InP  TEO's  were 
studied  experimental ly  and  theoretically.  A 
model  using  the  drift  and  diffusion  equation 
accurately  models  the  static  t(V)  characteristic 
as  well  as  predicts  the  threshold  values.  Ihe 
highest  values  of  computed  snail-signal  negative 
resistance  were  obtained  for  devices  with  nearly 
uniform  field  configurations  with  the  highest 
fields  at  the  cathode  In  the  shallow  MM  regime. 
Since  the  electric  field  becomes  highly 
non-uni farm  and  Increases  sharply  from  cathode 
to  anode  for  biases  greater  than  threshold,  high 
eficiency  devices  will  have  to  be  stabilized  by 
external  circuitry  to  achieve  maximum  gain. 

Although  it  has  been  shown  that  in  the  large 
signal  regime  the  V(E)  trajectory  does  not 
follow  the  static  curve,  a  drift  and  diffusion 
analysis  can  still  be  utilized  to  evaluate  the 
potential  performance  of  these  devices  as 
oscillators  and  amplifiers.  We  have  seen  that 
high  efficiency  devices  have  most  of  the  device 
in  the  NDM  region  at  threshold,  providing  for  a 
larger  overall  "growth-factor*  for  these  devices 
over  other  field  configurations.  Finally,  it 
has  again  been  demonstrated  that  it  is  the 
cathode  contact  that  controls  not  only  the 
oscillatory  but  also  the  amplifying  behavior  of 
the  device. 
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INTRODUCTION 


The  purpose  of  this  lecture  series  is  to  identify  the 
important  areas  of  device  physics  and  the  questions  related  to 
them.  In  addressing  these  problems  we  will  emphasize  an 
understanding  of  transport  within  these  devices  and  the  role  of  the 
circuit,  the  boundaries  and  the  material  variations.  We  will  also 
scrutinize  some  of  the  formal  underpinnings  of  device  physics. 

Thus,  the  lectures  will  be  primarily  theoretical.  With  regard  to 
experimental  device  physics  studies,  direct  evidence  of  high  speed, 
submicron  scale  effects  is  sparse,  and  is  likely  to  remain  so  for 
the  near  future.  Although,  here,  recent  activities  by  workers  at 
Bell1,  Los  Alamos2,  and  the  University  of  Paris- -Orsay3 ,  on 
submicron,  high  speed  device  phenomenology,  may  provide  some 
important  keys  to  device  related  effectsT 


In  the  absence  of  a  broad  experimental  program  in  the 
area  of  submicron  devices ,  we  are  likely  to  see  an  increased 
reliance  on  numerical  simulation  as  the  principle  vehicle  for 
determining  the  physics  of  device  operation.  This,  of  course, 
places  a  considerable  burden  on  those  who  perform  device 
if  simulations.  But  the  general  availability  of  numerical  programs  to 

those  who  do  not  develop  them  will  widen  the  use  of  numerical 
studies,  particularly  in  a  direct  coupling  to  experiment.  In  any 
case,  the  accumulated  studies  of  the  past  half  century  has  tended 
to  provide  a  natural  classification  of  device  physics  into  three 
groupings:  (1)  classical  device  physics,  (2)  submicron  device 

P  physics,  and  (3)  ultrasubmicron  device  physics,  where  quantum 

effects  may  dominate. 
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The  domain  of  classical  semiconductor  device  physics  is  one 
where  the  temporal  scales  of  interest  are  generally  large  enough 
that  accelerative  effects  are  often  ignored.  These  approximations 
find  their  most  common  application  in  the  drift  and  diffusion 
equations,  where  the  relation  between  carrier  velocity  and  applied 
field  is  in  terms  of  a  local  mobility. 

The  first  departure  from  classical  device  physics  introduces 
the  idea  of  non- locality  Where  the  response  of  a  particle  at  a 
point  "x"  and  time  "t"  is  dependent  on  disturbances  at  earlier 
times  t'<t  and  at  points  x'<x.  This  is  the  critical  feature  of  the 
Boltzmann  transport  equation  (BTE) ,  and  is  one  that  has  found 
expression  in  Chambers4  path  integral  solutions  as  well  as  some 
initial  work  of  Pippard5 .  While  non-local  effects  have  appeared 
only  recently  in  semiconductor  device  studies,  they  have  been  the 
object  of  serious  study  for  the  past  twenty-five  years.  Such 
phenomena  as  the  anomalous  skin  effect6 ,  magneto -acoustic 
attenuation7  are  based  on  these  effects.  They  are  also  critical 
to  hydrodynamic  studies. 

Other  departures  arise  when  spatial  scales  are  of  the  order  of 
the  deBroglie  wavelength  associated  with  a  quasi-particle,  and 
arise  when  scattering  events  can  no  longer  be  regarded  as  occurring 
instantaneously.  Approximate  spatial  and  temporal  scales 
associated  with  these  three  device  divisions  are  identified  in  the 
first  two  tables  and  figure  1.  Further,  each  of  the  above  device 
groupings  are  identified  by  a  specific  set  of  generic  device 
equations.  The  key  point  that  must  be  kept  in  mind,  is  that  the 
development  of  these  equations  is  keyed  to  the  development  of  high 
frequency,  high  speed  electronic  devices.  This  will  be  the  common 
thread  through  our  entire  discussion,  and  also  forms  the  basis  for 
this  NATO  AS I . 


TABLE  1.  Approximate  spatial  scales  (GaAs) 


Term 

Value 

Active  region  length 

10'scm,  10'4cm 

Impurity  separation  (Nq'1/3) 

10'6cm  (2  1018/cm3 

10'5cm  @  10ls/cm3 

Mean  free  path 

10‘ scm 

Thermal  deBroglie  wavelength 

2 . 6xl0'6cra 

2  - 


THERMAL  deBROGLIE 
WAVELENGTH  ( X  /  XQ  ) 


TABLE  2.  Approximate  temporal  scales  (GaAs) 


Term 

Value 

Transit  time  (for  v-2xlOr/cra/s) 

5x10* l3s  @  L^10*scm 

5x10* 12s  @  L-10*4cm 

Momentum  relaxation 

3x10* lss  @  300K 

Collision  duration 

2x10* 1 4s 

FIGURE  1  .  Thermal  deBroglie  wavelength  vs  effective  mass. 


We  begin  the  discussion  of  submicron  device  physics  with  a 
simple  description  of  the  Boltzmann  transport  equation  and  its 
approximate  solutions,  as  well  as  those  areas  of  such  common 
interest  as  overshoot  phenomena. 


THE  BOLTZMANN  TRANSPORT  EQUATION 

The  conceptual  picture  most  frequently  used  to  describe 
conduction  in  semiconductors  is  that  of  a  gas  of  carriers 
interacting  with  external  forces.  The  gas  is  characterized  by  the 
fact  that  the  state  of  any  of  its  constituents,  e.g.,  electrons, 
are  independent  of  all  others  except  at  the  instant  of  collision. 
The  state  of  each  constituent  is  described  by  specifying  its 


position  and  momentum  at  each  instant  of  time.  Rather  than 
treating  the  transport  of  individual  particles,  transport  within 
the  semiconductor  is  discussed  statistically.  Volume  elements 
within  phase  space  are  identified  as 

d3r  -  dx1dx2dx3  (1) 


d3p  -  dp1dp2dp3  (2) 

The  differentials  above  are  chosen  large  enough  to  contain  a 
large  number  of  carriers  and  small  enough  to  permit  the  neglect  of 
density  variations  within  the  differential  elements. 

The  number  of  particles  at  a  point  (r,  p)  is  taken  as 

dN  -  f(r,p,t)d3rd3p  (3) 

which  may  be  taken  as  the  definition  of  the  distribution  function. 
Several  other  definitions  are  in  order.  The  total  number  of 
particles  is  given  by 

N  -  Jf(r,p,t)d3rd3p  (4) 

The  mean  value  of  a  function  G(r,p)  is 

<0  -  jG(r,p)f(r,p,t)d3rd3p/N  (5) 

In  much  of  the  discussion  below,  we  will  be  interested  in  local 
mean  values. 

If  d(p)  denotes  any  function  of  momentum,  the  local  mean 
value  of  ^(p)  is  given  by 

<4>>  -  /<£(p)  f  (r,p,  t)d3p/n  (6) 

where 

n  -  /f(r,p,t)d3p  (7) 

We  note  that  <  >  is  a  function  of  position  and  time  through  the 
distribution  function  f(r,p,t). 

To  determine  the  variation  of  the  distribution  function  with 
time,  we  assume  the  presence  of  external  and  self-consistent 


forces,  as  well  as  inter-particle  forces.  Ve  consider  time 
intervals  which  are  large,  compared  to  the  duration  of  a  collision, 
modifications  of  which  have  been  considered  by  Ferry  and 
Barker8 .  We  also  assume  that  the  time  interval  At  is  small 
compared  to  the  mean  time  interval  between  collision. 

If  no  collisions  occur  during  the  time  interval  At,  the 
following  transformation  applies 


-  r  +  (p/m)At 

(8) 

-  p  +  FAt 

(9) 

and 

f(r,p,t)d3rd3p  -»  f(r',p',t  +  At)d3r'd*p'  (10) 

Application  of  Louville's  theorem  concerning  elements  of  volume 
in  phase  space 

d3rd3p  -  d3r'd3p'  (11) 

leads  to  the  expansion 

f (r,p, t)  =  f (r,p, t)  +  [|f  •  E  +  §f  •  F  +  |f] At 

+  •••  (  ) (At) ^  (12) 

In  examining  transport  in  semiconductors  we  generally  neglect 
terms  of  order  (At)^  with  i>l;  the  assumption  being  that 
the  distribution  function  does  not  change  appreciably  during  the 
interval  At.  According  to  Sommerfeld9,  this  assumption  is 
compatible  with  considerable  changes  in  f(r,p,t)  within  one  mean 
free  path,  because  At<r ,  where  r  is  the  mean  time  between 
collisions.  This  latter  result  is  extremely  important  when 
examining  overshoot  phenomena  in  devices.  Thus  within  this 
approximation,  we  obtain  the  collisionless  Boltzmann  transport 
equation 

M  .  2  +  if  .  F  +  il  .  o  <13> 

dr  m  dp  3t 


Collisions  cause  carriers  to  leave  different  elements  of  phase 


space  with  the  following  balance  holding: 


f(r,p, t)d3pd3r  -  f(r',p',t*  +  At)dsp,dsr' 


dspd3r , 

coll 


(14) 


from  which  we  obtain  the  BTE  with  collisions. 


+  +  as) 

dr  m  dp  at  latJcoii 


Among  the  various  problems  in  semiconductor  device  physics,  one 
involves  the  proper  formulation  of  the  collision  integral.  We  will 
not  concern  ourselves  with  this  during  the  following  lectures. 
Rather,  we  will  borrow  the  necessary  terms  for  establishing  a 
suitable  submicron  device  physics. 

Before  proceeding  to  an  actual  description  of  submicron  device 
transport,  which  will  necessarily  involve  solving  a  complicated  set 
of  equations  derived  from  the  BTE,  it  is  worthwhile  presenting  a 
formal  solution  to  the  BTE  within  the  framework  of  the  relaxation 
time  approximation.  This  formal  solution  will  highlight  the 
significant  differences  between  the  more  standard  approach  to 
examining  device  physics,  and  what  is  currently  required. 

Within  the  framework  of  the  relaxation  time  approximation,  the 
collision  integral  takes  the  form 


in  which  we  assume  that  r  may  be  a  function  of  energy.  The 
formal  solution  to  the  above  equation  basically  involves 
transforming  the  BTE,  as  a  partial  differential  equation  into  an 
ordinary  differential  equation 

df  f  £o  (17) 

ds  r  r 


where  "s"  denotes  a  "characteristic"  path  variable.  There  is,  of 
course,  considerable  history  associated  with  this,  see  e.g., 
Chambers4,  and  Thornber10.  Basically  we  consider  the  variables 


t(s),  r(s)  and  p(s)  such  that 


_  if  .  dt  +  M  .  d£  +  af  . 

ds  dt  ds  dr  *  ds  dp  ds 


where  we  require 


dt  .  dr  _  g  dp  _  F  (1 

ds  '  ds  m  '  ds 

For  the  simple  case10  where  F  is  taken  to  be  independent  of 
t,  r  and  p 

t(s)  -  s-sQ  +  tQ 


r(s)  -  -<s-s0)  +  rG 


o 

7T*T7Tv 

I 

"II 

RjSj; 
M. 

'M 

o 

I 


p(s)  -  F(s-s0)  +  p0 


Equation  (18)  has  the  formal  solution 


■)  -  4 
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When  the  following  identification  is  made 


sQ  -  ,  t(s)  -  s 


The  formal  solution  takes  the  form 
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The  physical  significance  of  the  above  solution  is  contained  in 
the  exponential  contributions.  Here  the  probability  that  an 
electron  initially  at 
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p 
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p-F(t— tQ) ,  t0 


(24) 


has  arrived  at 


r,  p,  t  (25) 

without  scattering  is 

t  dt"  (26) 

exp  -  J - 

r [p-F(t— f ' ) ] 

Thus,  all  transport  is  governed  by  non-local  events.  This  is  the 
point  we  wish  to  emphasize.  We  now  apply  this  to  a  very  specific 
and  familiar  problem. 

We  consider  the  situation  where  a  system  of  carriers  is 
subjected  to  an  applied  external  field  and  scattering  centers,  and 
that  the  field  represents  a  small  departure  from  equilibrium: 

f  -  fo  +  fi  (27) 


where  fQ  represents  an  equilibrium  time  independent  distribution 
function.  Under  the  typical  small  perturbation  approximation,  the 
BTE  becomes 

dft  p  df x  ft  r  df0  p  d£0 }  (28) 

dt  +  m  dr  +  r  dp  +  m  dr  J  =  ® 


If  we 
teristics 


now  solve  this  equation  using  the  method  of  char ac 
and  concentrate  only  on  the  particular  solutions 
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we  see  an  explicit  dependence  of  the  perturbed  distribution 
function  on  past  history.  Now  while  this  will  be  important  for 
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submicron  devices,  Chere  exists  an  entire  class  of  devices  whose 
spatial  scales  are  longer  than  a  mean  free  path  and  whose  temporal 
scales  are  longer  than  the  mean  time  between  collisions.  On  these 
longer  spaces  and  time  dependent  scales  the  spatial  and  temporal 
variation  of  the  integral  in  equation  (29)  is  not  important,  and 
can  be  taken  out  of  the  integral.  Under  these  circumstances  the 
perturbed  distribution  function,  for  times  longer  than  the  mean 
time  between  collisions,  becomes 
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(30) 


Equation  (30)  is  the  typical  starting  point  for  most 
semiconductor  device  transport  descriptions.  It  requires  for  its 
validity  that  only  insignificant  variations  occur  over  a  mean  free 
path,  or  over  a  mean  time  between  collisions.  It  has  nevertheless 
been  used  for  situations  where  there  are  strong  field  gradients 
over  very  short  distances,  such  as  that  within  the  vicinity  of  a 
strongly  asymmetrical  PN  junction.  It  may  be  expected  that  many  of 
the  more  common  device  calculations  such  as  those  associated  with 
bipolar  siltWm  devices,  MOS  devices  will  require  significant 
scrutiny  to  determine  if  the  more  commonly  used  assumptions  are 
valid  in  design  on  a  submicron  scale. 

The  above  description  of  transport  as  governed  by  the  non- local 
feature  of  the  BTE  will  now  be  applied  to  examining  submicron  high 
field  transport.  The  requirements  for  this  discussion  have  at 
their  basis,  the  need  for  a  set  of  governing  differential 
equations.  The  equations  that  we  use  to  describe  submicron  and 
near  micron  transport  are  based  upon  the  moments  of  the  BTE. 
Typically,  these  moments  are  often  truncated  after  the  first  three 
moments  although  in  principle,  an  infinite  number  of  moment 
equations  will  provide  an  exact  solution  to  the  BTE.  In  the 
discussion  that  follows  we  will  apply  the  use  of  the  displaced 
Maxwellian  distribution  function  to  obtain  a  set  of  device 
equations . 


THE  DISPLACED  MAXWELLIAN  DISTRIBUTION  AND  THE  MOMENT  EQUATIONS 

As  indicated  in  the  above  discussion,  within  the  relaxation 
time  approximation,  a  momentum  relaxation  time  may  be  defined, 
where  r(p)  depends  on  energy  through  momentum.  As  discussed  by 
Keyes11,  we  cgn  add  a  term  to  equation  (16)  which  describes  the 
effects  of  electron-electron  scattering  by  observing  that  if  the 
external  fields  and  scattering  mechanisms  (exclusive  of  e-e 
scattering)  were  suddenly  removed,  the  e-e  collisions  would  provide 
a  mechanism  for  transferring  energy  and  momentum  between  different 
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parts  of  the  distribution  function.  This  would  bring  f  to  some 
other  equilibrium  function,  fG*.  f0*  must  be  different  from 
f0>  since  with  f0  the  electrons  have  zero  total  momentum. 

Since  e-e  collisions  cannot  alter  the  total  electron  momentum, 

JL 

fQ  must  have  the  same  total  momentum  as  the  nonequilibrium 
distribution  function  f,  at  the  time  the  field  and  scattering 
centers  were  removed. 

The  determination  of  fQ*,  has  been  carried  out  by  the  methods 
of  statistical  mechanics,  and  it  has  been  shown  that  f0*  is  a 
Boltzmann  distribution  moving  with  velocity  v^p*/m,  i.e.. 


f0*(r.P.t)  -  ae 


-|P-P*|2 


The  prominence  of  the  displaced  Maxwellian  lies  in  its  successful 
application  to  examining  transport  in  III-V  materials,  particularly 
gallium  arsenide  (GaAs) .  Its  use  in  transport  is  primarily  through 
the  moments  of  the  BTE. 

More  generally,  the  moments  of  the  BTE  are  obtained  by 
multiplying  equation  (15)  by  successive  powers  of  p,  i.e.. 


The  result  is 
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In  the  absence  of  collisions,  an  exact  solution  to  the  BTE  can 
be  obtained  by  solving  the  infinite  set  of  coupled  equations.  This 
is  not  satisfactory,  particularly  when  the  effects  of  collisions 
must  by  accounted  for.  The  situation  then  calls  for  an  estimate  of 
the  distribution  function.  The  often  used  assumption  is  that  of  a 
displaced  Maxwellian  which  cuts  off  the  moment  equations  at  the 
number  "3".  The  degree  to  which  the  distribution  function  is  well 
represented  by  the  displaced  Maxwellian  has  been  examined  by  a 
number  of  workers  with  the  general  conclusion  that  as  far  as  bulk 
transport  is  concerned,  it  is  likely  to  be  a  reasonable  assumption 
at  high  carrier  densities12.  It  is  likely  to  be  seriously 
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unrealistic  to  assume  that  the  distribution  function  is  spherical 
in  momentum  space.  Such  a  situation  would  tend  to  ignore  important 
thermal  gradient  effects  as  well  as  viscous  effects,  which  are 
known  to  appear  in  fluid  flow  and  in  plasma  physics.  The  situation 
is  such  that  the  displaced  Maxwellian  needs  generalization. 

One  such  approach,  which  we  consider  below  was  discussed  by 
Sommerfeld9.  Here  the  distribution  function  of  interest  is 
expressed  as 

(35) 


f (r,p, t) 


+  Ak  “  +  Aki 
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with  the  coefficients  to  be  determined  below.  Additionally,  the 
following  convention  is  assumed: 
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(36) 


The  constraints  on  this  expansion  are  that  the  mean  carrier  density 


n  -  /f (r,p, t)d3p  -  /f*(r,p,t)d3p 


(37) 


and  that  the  mean  momenta 


n<p>  -  Jf (r,p, t)pd3p  -  /f*(r,p, t)pd3p 


(38) 


which  yields 


<P>  "  P* 


(39) 


It  is  further  required  that  the  mean,  isotropic,  thermal 
kinetic  pressure  satisfy  the  following  requirement 

^  “  fin  /(P'P*)’(p-P*)fd-P  /(p-p*)*(p-p*>fod3p  -  2^;  (^0) 


The  identification  of  a  suitable  electron  temperature  model  is 


through  an  assumed  gas  law,  which  is  taken  as 


Thus , 
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And  along  with  a  suitable  normalization  that  includes  spin  the 
displaced  Maxwellian  is  of  the  following  form 

*  n  -|p*P*|2  (43) 

f  -  -  exp - 

(2jrmkBT)3/2  2mkT 


The  expansion  coefficients,  which  identify  the  important 
nonspherical  contributions  of  the  distribution  function  are 
identified  as  follows:  (1)  the  linear  expansion  coefficient  is 
zero;  (2)  the  expansion  coefficient  is  identified  as  a  stress 
tensor;  and  (3)  the  expansion  coefficient  A^m  is  associated  with 
a  heat  flux.  The  incorporation  of  these  terms  leads  to  the 
following  set  of  balance/moment  equations,  from  which  the  numerical 
simulation  of  the  submicron  devices  is  obtained. 

Carrier  Balance: 
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Equations  (44)  through  (46)  are  the  governing  equations  used 
below  to  discuss  submicron  transport.  In  these  equations 


Pr  "  nrPr  "  nrmrvr 


and 


Wr  -  nr||mrv^Vr  +  |kfiTrj 


(47) 


(48) 


the  subscripts  are  used  to  emphasize  the  fact  that  we  are 
considering  multi-valley  species  transport.  The  underlined  terms 
in  these  equations  identify  the  stress  term  contributions  (equation 
(45))  and  the  thermal  heat  transport  contribution  (equation  (46)). 
Stress  contributions  in  equation  (46)  have  been  ignored.  The 
coefficient  in  the  momentum  balance  equation  has  dimensions  of 
viscosity,  and  this  term  behaves  as  a  viscous  contribution. 


We  examine  the  above  equations  in  detail  below.  In  order  to  do 
this  effectively,  we  will  demonstrate  how,  for  the  case  of  the 
dipole  transit,  the  results  obtained  from  these  equations  differ 
from  those  obtained  using  the  standard  drift  and  diffusion 


FIGURE  2.  Doping  profile  used  for  dipole  simulations. 


FIGURE  3a.  Electric  field  vs  distance  vs  time,  for  a  propagating 
layer. 


equations.  To  illustrate  this,  we  consider  a  10/xm-long  GaAs 
element  with  a  doping  level  of  5xl016/cm3  and  a  doping  notch 
near  the  cathode  boundary,  as  shown  in  figure  2.  The  device  is 
clamped  at  4  volts  (there  is  no  load  line).  At  this  voltage  level 
domain  oscillations  occur.  The  oscillations  are  displayed  in 
figures  3  and  4.  (We  note:  In  this  simulation  Poisson's  equation 
is  solved,  along  with  the  moment  equations.) 


FIGURE  3b.  Mobile  carrier  density  at  the  time  of  figure  3a. 
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Figures  3a  through  3d  display,  respectively,  the  time  dependent 
behavior  of  electric  field,  total  carrier  density,  gamma  valley 
carrier  density  and  gamma  valley  velocity,  for  a  propagating  domain 
(additional  development  is  shown  in  figure  4) .  The  domain  is  first 
shown  approximately  halfway  down  the  element  at  a  time  of  20.6ps; 
and  later  at  the  anode  at  38.8ps. 
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FIGURE  3c.  T-valley  carrier  density  at  the  time  of  figure  3c. 
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FIGURE  3d.  T-valley  carrier  density  at  the  time  of  figure  3a. 


Mil 


15 


The  travelling  domain  has  all  the  appearance  of  a  classical 
transit  time  oscillation.  This,  however,  is  deceptive  because 
immediately  upstream  from  the  domain  where  the  field  has  decreased 
to  below  the  threshold  for  negative  differential  resistance  (NDR) , 
and  where  semiconductor  drift  and  diffusion  would  indicate  that 
relaxation  to  quiescent  values  of  carrier  density  and  near  ambient 
electron  temperatures  is  complete,  the  moment  equations  indicate 
otherwise.  The  moment  equations  show  a  substantial  satellite  valley 
population  even  after  the  high  field  region  has  passed  and  only  low 
values  of  field  remain.  This  significant  relaxation  effect  was 
first  discussed  by  Rees13.  Its  numerical  origin  arises  from  the 
first  order  spatial  and  temporal  derivatives  in  the  left  hand  side 
of  the  moment  equations  (45)  and  (46).  In  the  absence  of  these 
terms,  we,  of  course,  recover  the  drift  and  diffusion  equations. 

The  results  of  this  calculation  are  significant  and  cannot  be 
described  in  any  reasonable  way  by  the  drift  and  diffusion 
concepts.  Further  differences  arise  here,  because  at  these 
moderate  values  of  electric  field,  the  satellite  valleys  carry  only 
a  negligible  amount  of  current.  It  is  as  though  in  an  approximate 
sense,  once  the  carriers  have  been  transferred  to  a  satellite 
valley,  they  are  effectively  out  of  the  conduction  process.  (This 
is  clearly  not  the  case  at  high  bias  levels) .  Thus  is  a  real 
sense,  stable  domain  theory  must  be  reexamined.  Of  interest  here 
is  that  at  the  peak  field  where  the  total  carrier  density  Is  equal 
to  the  background,  i.e.,  N-N0,  the  T  valley  population  is  less 
than  N/4,  yet  the  velocity  of  these  carriers,  figure  3d,  is  greater 
than  twice  the  mean  velocity,  obtained  from  the  relation 


<v>  -=  J/n0e  (49) 

Nonequilibrium  transport  as  depicted  above  is  of  more  than 
academic  interest.  Classical  modeling  of  a  10pm- long  device  is 
predicated  on  the  notion  that  proximity  effects  are  negligible. 
Based  upon  the  size  of  the  high  field  domain  as  depicted  in  figure 
3a,  this  would  appear  to  be  a  valid  assumption.  On  the  other  hand, 
transport  in  the  wake  of  these  domains,  at  least  for  doping  levels, 
near  5xlOls/cm3  extends  over  a  distance  of  nearly  twice  the 
width  of  the  domain,  figures  3c  and  4d.  This  factor  of  two  should 
be  cause  of  considerable  concern  when  transit  time  devices  below 
5pm  in  active  region  length  are  designed. 
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PARAMETRIC  DEPENDENCE  OF  THE  MOMENT  EQUATIONS 


At  this  point,  it  is  necessary  to  examine  several  parametric 
aspects  of  the  moments  of  the  BTE.  To  facilitate  this  parametric 


Poisson's  equation: 


In  the  above 
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The  primed  scattering  rates  in  the  above  equations  are,  A'r-Ar*tref 
with  similar  expressions  for  the  other  scattering  rates.  For 
dimensional  reasons,  as  well  as  to  establish  a  dialogue  concerning 
the  dissipative  terms  and  the  thermal  conductivity  contribution, 
the  viscosity  has  been  expressed  via  the  Maxwell  relation 


^  “  ^ref  “ref  <v>i 


(56) 


where  <v>  is  a  characteristic  mean  velocity  and  &  an  effective 
mean  free  path.  The  thermal  conductivity  has  been  expressed  in 
terms  of  a  Widemann- Franz  relation 


(57) 


where 
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and  <r>  -  £/<v>.  In  these  terras  the  bold  coefficients  in 
equations  (51)  through  (54)  are 
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kBTref  (60) 

mrvref 


where  Rey  is  the  Reynolds  number.  We  consider  the  broad 
consequences  of  the  normalization. 

The  first  point  that  should  be  noticed  is  that  the  effects  of 
the  nonspherical  distribution,  as  represented  by  thermal 
conductivity  and  viscosity  are  likely  to  be  more  pronounced  at  the 
shorter  device  lengths.  The  situation  with  regard  to  the  thermal 
conductivity  is  illustrated  in  figures  5  and  6. 

In  figure  5,  we  display  the  distribution  of  field  and  mobile 
carrier  density  for  a  2pm- long  element  with  the  indicated 
structure  and  a  high  thermal  conductivity  consistent  with  Eq.  (57) 
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(14).  We  note  the  presence  of  highly  nonuniform  fields,  figure  5h, 
marginal  electron  transfer,  figure  5c,  and  local  T-valley  carrier 
velocities  in  excess  of  5xl07  cm/sec,  figure  5d. 
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FIGURE  5a.  Doping  profile  for  high  thermal  conductivity  calculations 
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FIGURE  5b.  Field  profile  for  high  thermal  conductivity  calculations 
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FIGURE  5c.  Carrier  distribution  for  high  thermal  conductivity 
calculations . 
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FIGURE  5e.  Temperature  distribution  for  high  thermal  conductivity 
calculations . 


FIGURE  6a.  Field  profiles  for  a  lower  thermal  conductivity  of. 

Figure  6  is  for  a  lower  value  of  the  thermal  conductivity 
[14].  A  decrease  in  the  thermal  conductivity  by  an  order  of 
magnitude  results  in  an  expected  increase  in  the  overall  carrier 
temperature  and  an  increase  in  the  number  of  carriers  that  have 


transferred  to  subsidiary  valleys,  figure  6b.  The  results  suggest 
that  further  study  is  required  with  respect  to  the  importance  of 
the  thermal  conductivity  with  regard  to  device  design. 


FIGURE  6b.  Free  carrier  density  for  a  low  thermal  conductivity. 


The  situation  with  regard  to  the  viscous  contribution  is 
considered  next.  First,  viscous  contributions  are  basically 
dissipative.  This  is  displayed  in  figures  7a  and  7b,  where  for  the 
structure  of  figure  2  and  a  bias  level  of  two  volts,  the  steady 


FIGURE  7a.  Dependence  of  charge  density  on  Reynolds  number. 
(*P  -  2  volts) 
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FIGURE  7b.  Dependence  of  T- valley  velocity  on  Reynolds  number, 
(tf  -  2  volts) . 


state  carrier  density  and  T  valley  velocity  are  sketched  for  two 
different  values  of  the  Reynolds  number  -  the  viscous  contributions 
are  different.  It  is  seen  from  these  figures  that  the  smaller  the 
Reynolds  number,  the  smoother  the  carrier  density  and  velocity 
profiles.  This  of  course,  is  expected.  The  smooth  profile, 
however,  tends  to  result  in  a  larger  variation  in  electric  field, 
as  seen  from  figure  7c  as  well  as  from  Poisson's  equation.  Thus, 
simple  predictions  about  the  effect  of  viscosity  on  the  detailed 
performance  of  a  device  cannot  yet  be  made.  More  study  is  clearly 
in  order.  We  will  come  back  to  these  equations  and  their  scaling 
implications  later.  Meanwhile,  we  consider  the  detailed  transient 
behavior  of  submicron  devices. 


SPATIALLY  INDEPENDENT  tRANSIENT  TRANSPORT 

We  have  emphasized  in  these  lectures  that  one  of  the  more 
important  features  of  transient  micron  and  submicron  transport  in 
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FIGURE  7c.  As  in  Figure  7a,  but  for  electric  field  distribution. 


semiconductors  is  the  non-local  contribution.  Thus,  events  at  time 
t  depend  on  an  earlier  time  history,  and  transient  phenomena  at  a 
point  x  depend  on  disturbances  at  a  point  x'  and  on  the  propagation 
characteristics  from  x'  to  x.  In  addition,  as  dimensions  shrink 
and  proximity  effects  become  pronounced,  reflections  and,  hence, 
time  dependent  contributions  from  the  downstream,  as  well  as  the 
upstream  boundary  comes  into  importance.  While  these  effects  are 
implicit  in  the  discussion  of  dipole  transport  through  solution  to 
the  moments  of  the  Boltzmann  transport  equation,  a  fuller 
discussion  is  given  below.  We  begin  with  a  discussion  of 
nonequilibrium  high  field  transient  effects. 

Transient  nonequilibrium  transport,  or  velocity  overshoot  as  we 
have  come  to  know  it,  is  prominently  identified  with  the  studies  of 
Ruchls,  although  historically  one  of  the  earliest  contributions 
is  due  to  Butcher  et  al16.  The  phenomena,  as  we  begin  to 
understand  it  better,  arises  from  at  least  two  effects:  (1)  the 
incorporation  of  acceleration  in  the  governing  equations,  and  (2) 
energy  dependent  relaxation  rates.  Additionally,  in  the  III-V 


there  is  also  intervalley  transfer.  Let  us  first  identify  the 
overshoot  and  then  go  through  a  description  of  its  origin. 

Figure  8  is  a  plot  of  velocity  versus  time  for  a  GaAs  uniform 
field  device  subject  to  a  sudden  change  in  electric  field.  In  this 
curve  the  long  time  asymptotic  value  is  that  appropriate  to  steady 
state  values.  The  interest  in  this  curve  lies  in  it's  short  time 
transient  which  has  a  peak  velocity  in  excess  of  it's  steady  state 
value.  In  the  case  of  Si,  the  peak  velocities  are  only  marginally 
higher  than  their  steady  state  values,  and  nothing  truly  dramatic 
occurs.  The  situation  as  represented  by  figure  8  is  for  GaAs. 
Indeed,  it  is  this  difference  that  is,  in  good  part,  responsible 
for  the  high  activity  in  the  III-V  compounds. 
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FIGURE  8.  Velocity  transient  for  GaAs,  from  the  moment  equations. 
The  applied  field  is  9.7kv/cm. 


While  much  of  the  early  work  on  velocity  overshoot  was  obtained 
within  the  framework  of  Monte  Carlo  calculation,  the  discussion 
below  will  be  through  application  of  the  Moment/Balance  equations. 
These  have  been  discussed  in  fairly  general  terras  earlier.  For 
spatially  uniform  fields  these  equations  reduce  to  a  set  of  simpler 
coupled  ordinary  differential  equations,  which  will  be  used  to 
identify  significant  nonequilibrium  phenomena.  For  uniform  fields, 
the  continuity  equation,  as  well  as  that  for  momentum  and  energy 
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balance  reduce  Co: 
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The  first  equation  states  that  the  tine  rate  of  decrease  of  the 
population  of  the  "r"th  conduction  (or  valence)  band  is 
proportional  to  the  rate  at  which  the  particles  leave,  less  the 
rate  at  which  they  are  replenished.  The  second  equation  is,  of 
course,  Newton's  law  with  a  driving  force,  the  electric  field,  and 
dissipative  term  (momentum  relaxation) .  The  third  equation 
describes  energy  balance.  Ve  note  that  with  regard  to  the 
acceleration  equation,  nothing  other  than  the  driving  term 
introduces  gain.  With  regard  to  the  energy  balance  equations,  the 
carriers  gain  energy  from  the  field  when 


sgnv£  -  -sgnF 


(70) 


and  return  energy  when  the  signs  are  the  same.  There  is  also  the 
possibility  of  either  an  energy  loss  through  intravalley 
electron-phonon  interaction  and  energy  gain  or  loss  through 
intervalley  transfer. 

For  uniform  fields  the  entire  description  of  the  transient 
transport  through  the  semiconductor  is  governed  by  a  balance 
between  the  driving  field  and  the  scattering  rates.  These  rates 
identify  all  of  the  relevant  physics  associated  with 
electron- impurity  scattering,  electron-hole  and  hole-impurity 
scattering,  electron-phonon  and  hole-phonon  scattering,  etc.  The 
scattering  rates  fold- in  the  matrix  elements  and  are  obtained 
through  several  layers  of  approximation.  One  approximation  is  the 
use  of  the  BTE  for  situations  where  inelastic  scattering  occurs. 
Another  approximation  is  associated  with  the  fact  that  we  do  not 
generally  obtain  matrix  elements  from  first  principle  arguments, 
and  that  there  does  not  exist  a  set  of  corresponding  experiments 
that  allow  us  to  confidently  use  the  results  of  these  matrix 
elements.  Generally,  the  strength  of  a  specific  scattering  matrix 
element  is  identified  by  a  coupling  coefficient,  e.g.,  the 
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deformation  potential,  and  a  scattering  rate  is  computed.  Similar 
procedures  are  applied  to  different  scattering  mechanisms.  The 
resulting  scattering  rates  are  then  summed.  The  assigned 
scattering  rates  are  deemed  satisfactory  when  the  calculated  steady 
state  field-dependent  velocity  curve  agrees  with  experiment.  The 
difficulty  with  this  approach  is  that  (1)  it  is  not  unique,  a 
variety  of  different  coefficients  are  likely  to  give  similar 
results,  (2)  steady  field  dependent  velocity  curves  are  not 
obtained  experimentally  under  steady  state  conditions,  (3) 
consistency  does  not  exist  between  alternative  methods  of 
calculation.  Here  Monte  Carlo  and  displaced  Maxwellian 
calculations  yield  somewhat  different  results  (although  they  are 
qualitatively  similar) .  The  above  statements  are  not  meant  to 
suggest  that  all  transport  studies  should  be  delayed  until  all  of 

TABLE  3.  GaAs  Parameters  Used  in  Calculations 


Parameter 


Common 


Number  of  equivalent  valleys 
Effective  mass  (me) 
r-L  separation  (eV) 

1 

0.063 

4 

0.222 

0.33 

3 

0.58 

0.522 

Polar  optical  scattering 

Static  dielectric  constant 
High-frequency  dielectric  constant 

LO  phonon  (eV) 

r-L.  X  scattering 

L-X  scattering 

Coupling  constant  (eV/cm) 
Phonon  energy  (eV) 
r-L,  X 

L-X 

0.800x10° 

0.100x10° 

0.0278 

0.0293 

0.200x10° 

0.0299 

L-L,  X-X  scattering 

Coupling  constant  (eV/cra) 
Phonon  energy  (eV) 

2.0x10° 

0.0299 

2.0x10° 

0.0290 

Acoustic  scattering 

Deformation  potential  (eV) 

7.0 

9.2 

9.2 

Nonpolar  scattering  (L) 
Coupling  constant  (eV/cra) 
Phonon  energy  (eV) 

0.300x10® 

0.0343 

0.300x10® 

0.0343 

12.90 

10.92 

0.0354 


the  above  problems  are  overcome.  They  are  mentioned  to  indicate 
that  caution  is  in  order  and  that  an  over  reliance  on  available 
parameters  for  describing  scattering  rates  is  not  acceptable. 


As  indicated  earlier,  all  scattering  rates  will  be  obtained 
within  the  framework  of  the  displaced  Maxwellian.  The  Integrals  as 
used  in  the  discussion  below  are  summarized  in  Table  3. We  note  that 
the  scattering  matrix  elements  for  electron-phonon  interaction  were 
applied,  within  the  early  fifties  to  calculate  the  scattering  rates 
via  the  displaced  Maxwellian,  by  Froelich  and  coworkers12.  They 
have  since  been  repeated  by  a  variety  of  other  workers,  in  some 
cases  with  important  generalizations.  One  of  the  earliest 
applications  of  the  moment  equation  and  the  above  scattering 
integrals  was  to  the  semiconductor  GaAs.  These  calculations  were 
performed  under  the  assumption  of  transport  within  two  portions  of 
the  GaAs  conduction  band,  one  at  T,  and  the  second  at  X.  The 
parameters  for  this  calculation  are  displayed  in  Table  4I#. 


TABLE  4.  GaAs  Parameters  Used  in  Calculations 


Parameter 

r 

X 

Common 

Number  of  equivalent  valleys 

l 

3 

Effective  mass  (me) 

0.067 

0.40 

T-X  separation  (eV) 

0.36 

Polar  optical  scattering 

Static  dielectric  constant 

High-frequency  dielectric  constant 

L0  phonon  (eV) 

12.53 

10.82 

0.0354 

T-X  scattering 

Coupling  constant  (eV/cra) 
Phonon  energy  (eV) 

0.621 

0.0300 

X-X  scattering 

Coupling  constant  (eV/cm) 
Phonon  energy  (eV) 

1.064 

0.0300 

Acoustic  scattering 

Deformation  potential  (eV) 

7.0 

7.0 

-  30 


i 

( 

*  I 


I  In  Che  late  seventies  experimental  evidence  pointed  to  the  L 

valley  as  the  lowest  satellite  valley,  but  with  X  sufficiently 
close  to  L  to  provide  enough  coupling  at  high  fields.  Thus  GaAs 
was  regarded  as  a  three- level  transfer  semiconductor.  Transient 
and  steady  state  calculations  with  three  levels  of  transfer  have 
been  considered  by  many  workers.  Results  within  the  framework  of 
^  the  displaced  Maxwellian  will  be  illustrated  below.  Additionally, 

several  two- level  spatially  dependent  electron  transfer 
calculations,  with  T-L  ordering,  using  the  parameters  of  Table  5. 

For  three-level  transfer  with  the  parameters  of  Table  3,  the 
scattering  integrals  are  shown  in  figure  9,  where  scattering  rates 
)  are  plotted  as  a  function  of  electron  temperature.  For  example, 


TABLE  5. 

>  _ 

Parameter 


GaAs  Parameters  Used  in  Calculations 


T  L  Common 


Number  of  equivalent  valleys  1  4 


Effective  mass 

> 


(“e) 


T-L  separation  (eV) 


0.067  0.222 


0.33 


Polar  optical  scattering 
Static  dielectric  constant 
High-frequency  dielectric  constant 
L0  phonon  (eV) 


12.90 

10.92 

0.0354 


T-L  scattering 

Coupling  constant  (eV/cm) 
Phonon  energy  (eV) 

0.800x10* 

0.0278 

L-L  scattering 

Coupling  constant  (eV/cm) 
Phonon  energy  (eV) 

2.0x10* 

0.0354 

Acoustic  scattering 

Deformation  potential  (eV) 

7.0 

9.2 

Nonpolar  scattering  (L) 
Coupling  constant  (eV/cra) 
Phonon  energy  (eV) 


0 . 300x10® 
0.0343 
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FIGURE  9.  Three-level  (a)  carrier  scattering  rates  for  use  in 
equation  (44) ;  and  (b)  T  valley  momentum  scattering 
rates  for  use  in  equation  (45) . 
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FIGURE  9.  Three -level  (c)  L  valley  and  (d)  X  valley  momentum 
scattering  rates,  for  use  in  equation  45. 
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figure  9a  displays  the  carrier  density  scattering  rates.  Note  that 
the  ratio,  at  Te-300K,  of  the  LT  carrier  scattering  to  TL 
scattering  is  governed  by  the  equilibrium  distribution  of  the  T  and 
L  valley  carriers,  as  given  by  equation  71.  The  scattering 
contributions  to  the  r  valley  momenta  are  shown  in  figure  9b.  At 
low  energies  scattering  is  dominated  by  the  LX)  phonon,  whereas  at 
high  energies  by  the  intervalley  phonon.  The  scattering 
contributions  to  the  L  and  X  valleys  momentum  are  shown  in  figures  9c 
and  9d,  respectively.  The  dominant  contribution  is  equivalent 
intervalley  scattering.  The  T,  L  and  X  valley  energy  scattering 
rates  are  shown  in  figures  9e,  9f,  and  9g,  respectively.  Note  the 
increased  scattering  rate  at  high  energies  for  the  T  valley 
carriers,  and  the  decreased  scattering  rate  for  the  X-valley 
carriers.  The  energy  loss  for  the  T  valley  carriers  is  dominated 
by  transfer  to  valleys  with  higher  density  of  states.  The  L  valley 
energy  loss  is  intermediate  between  T  and  X.  The  return  energy 
scattering  is  shown  in  figure  9i. 

Note  that  there  are  42  scattering  integrals,  exclusive  of  ionized 
impurity  scattering,  to  contend  with.  After  summing,  there  are  18 
scattering  rates  of  interest.  The  steady  state  calculation  arising 
from  these  integrals  is  shown  in  figures  10  and  11. 

Figure  10  displays  the  field  dependent  mean  velocity  for  T-L-X 
ordering.  Figure  11a  is  the  distribution  of  carriers  as  a  function 
of  applied  field.  The  electric  field  versus  T-valley  electron 
temperature  is  displayed  in  figure  lib.  In  figure  11c  and  lid,  we 
sketch  (e/mII)F  for  select  T  and  L  valley  integrals,  as  well  as 
the  mean  velocity  for  T  and  L- valley  electrons.  Note  that  the  T 
valley  velocity,  whose  contributions  are  dominated  by  LO  phonons  at 
low  energies,  and  intervalley  phonons  at  high  energies,  is  at  least 
an  order  of  magnitude  greater  than  the  L- valley  velocity. 
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FIGURE  10.  Steady  state  velocity  vs  field  for  T-L-X  ordering  in 
GaAs . 
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FIGURE  11a.  Carrier  density  of  F-L-X  valleys  for  the  calculation 
of  figure  10. 


FIGURE  lib.  Field  vs  T-valley  electron  temperature. 
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There  are  several  points  to  be  made  about  these  integrals.  The 
first  is  that  the  energy  scattering  rates,  particularly  those 
associated  with  the  central  valley  are  several  orders  of  magnitude 
less  than  those  of  the  corresponding  momentum  scattering  rates. 
Thus,  while  initially  in  an  applied  field  the  momentum  increase 
without  any  significant  relaxation,  subsequent  momentum  relaxation 
is  energy  dependent  and  dominated  by  the  longer  energy  relaxation 
times.  Prior  to  significant  energy  relaxation,  the  momentum  and 
carrier  density  scattering  rates  are  being  altered  by  the 
increasing  electron  temperature  as  well  as  the  increasing  carrier 
velocity.  Thus  in  this  case  of  momentum  balance,  there  is  a 
decrease  in  carrier  momentum,  and  in  the  case  of  carrier  balance, 
there  is  a  decrease  in  central  valley  population.  The  consequences 
of  this  is  a  net  decrease  in  carrier  velocity.  These  results  are 
born  out  numerically  and  are  displayed  in  figure  12  for  carriers 


T/(.2«  p«) 


FIGURE  12.  Transient  uniform  field  response,  <F>  -  9.7Kv/cm  p. 

with  a  zero  initial  velocity,  an  initial  electron  temperature  in 
the  central  and  satellite  valley  equal  to  the  ambient  temperature, 
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and  an  initial  equilibrium  distribution  of  carriers: 


£T  _  far) 2 

nL  "  [“lJ 


expApL/kT 
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Note:  There  is  overshoot  in  the  T- valley  carrier  velocity, 
as  well  as  the  mean  velocity. 

As  the  discussion  above  indicates,  the  initial  transients  are 
dependent  in  a  detailed  way  on  the  way  the  energy  relaxes.  Thus 
the  details  of  transient  transport  are  likely  to  depend 
significantly  on  at  least  the  following  items:  (1)  rise  time  of 
the  external  source,  (2)  initial  conditions,  (3)  boundary 
conditions,  and  (4)  device  structure.  The  first  two  items  are  taken 
up  next. 

The  study  of  the  rise  time  is  basically  a  matter  of  matching 
time  constants.  For  example,  if  the  time  it  takes  electrons  to 
reach  steady  state  equilibrium  is  of  the  order  of  one  picosecond, 
then  rise  times  of  the  order  of  one  picosecond  or  less  will 
introduce  strong  nonequilibrium  effects.  These  effects  will 
decrease  as  the  rise  time  increases.  This  is  illustrated  in  figure 
13  where  we  plot  peak  velocity  versus  rise  time  for  a  device 
subject  to  a  specific  value  of  bias  field. 

The  significance  of  initial  conditions  for  uniform  field 
calculations  is  that  it  is  thought  to  identify  the  properties  of 
the  entrance  contact.  In  the  strictest  sense  the  properties  of  the 
entrance  contact  are  determined  by  a  set  of  boundary  conditions, 
with  the  initial  conditions  on  the  boundary  playing  a  less 
prominent  role.  Calculations  with  both  will  be  illustrated  below 
with  more  emphasis  on  the  contact  as  a  boundary  conditions. 

The  first  set  of  calculations  is  for  uniform  field  and  GaAs 
with  three  level  transfer.  The  bias  field  for  the  case  is  17.6 
kv/cra  and  the  initial  carrier  velocity  is  zero,  figure  14,  dashed 
line.  Strong  velocity  overshoot  is  apparent  from  this  calculation, 
and  there  is  overshoot  in  the  temperature.  (Please  note:  that  for 
this  calculation  capacitive  effects  have  not  been  included.  They 
are  incorporated  implicitly  in  the  spatially  dependent  transient 
calculations).  The  situation  when  the  entrance  carrier  velocity 
and  temperature  are  varied  is  indicated  by  the  solid  curves  of 
figure  14. 
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FIGURE  15.  As  in  14a,  but  for  velocity  vs  distance. 


Several  things  are  apparent  from  these  results.  First,  for  an 
initial  entrance  temperature  equal  to  the  ambient  temperature,  an 
increase  in  the  entrance  velocity  results  in  an  increase  in  the 
peak  velocity  and  the  rate  at  which  electron  temperature 
increases.  As  a  consequence  of  the  latter,  the  momentum  and 
density  relaxation  rates  increase.  Thus,  the  time  to  steady  state 
is  reduced.  We  can  project  that  a  tradeoff  exists  for  an  optimum 
set  of  initial  conditions  in  which  an  electron  will  traverse  a 
given  distance  in  the  shortest  time  interval. 

A  very  similar  set  of  results  was  presented  by  Iafrate  et 
al.,1T  using  Monte  Carlo  techniques.  There  are  some  very 
important  differences  in  the  assumptions  associated  with  the  Monte 
Carlo  technique  and  the  displaced  Maxwellian,  particularly  with 
regard  to  the  assumption  concerning  the  distribution  of  the 
entering  carriers.  Nevertheless,  the  qualitative  features  of  the 
two  results  are  similar.  The  Monte  Carlo  studies  are  displayed  in 
figures  16  and  17.  Note,  the  F-20  curve  of  figure  16  is 
qualitatively  similar  to  that  of  the  vp(0)-7.5  curve  of  figure 
15,  which  is  the  same  as  figure  14a  but  with  distance  as  the 
abscissa.  Figure  17  indicates  that  the  rate  of  carrier  velocity 
decrease  increases  with  increasing  energy.  Again,  in  qualitative 
agreement  with  figure  15a. 


INFLUENCE  OF  SPATIAL  NONUNIFORMITIES  ON  TRANSIENT  TRANSPORT 

The  above  discussion  was  concerned  with  uniform  fields,  a 
situation  that  is  not  expected  to  occur.  Indeed  if  it  did  occur, 
we  would  necessarily  conclude  that  submicron  two-terminal  GaAs 
devices  would  possess  a  region  of  dc  negative  differential 
conductivity.  Further,  the  implication  of  the  spatially  uniform 
velocity  overshoot  calculations  is  that  they  are  representative  of 
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measured  current  transients  profiles.  As  discussed  below,  this  is 
not  likely  to  be  the  case. 

To  illustrate  the  role  of  spatial  nonuniformities  on  transient 
transport,  a  limited  number  of  numerical  calculations  involving 
space  and  time  dependent  solutions  to  the  first  three  moments  of 
the  BTE.  These  calculations  have  been  performed  as  a  function  of 
device  length,  boundary  conditions,  doping  level  and  material 
variations.  None  of  these  calculations  display  a  region  of  dc 
NDC.  Indeed,  all  calculations  show  considerable  departure  from  the 
familiar  homogeneous  uniform  field  studies.  All  calculations  are 
performed  using  a  model  for  GaAs  that  contains  two  levels  of 
transfer,  and  assumes  a  conductivity  effective  mass  equal  to  the 
density  of  state  effective  mass.  In  addition,  the  boundary 
conditions  are  chosen  to  represent  the  effects  of  injecting 
contacts.  It  is  possible  to  argue  against  the  use  of  a  specific 
set  of  boundary  conditions  to  represent  the  properties  of  the 
physical  contact.  These  arguments  would,  however,  tend  to  remove 
us  from  the  essential  features  of  the  problem,  which  are  to 
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FIGURE  18a.  Field  dependent  velocity  for  T-L  two-level  transfer 
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FIGURE  18b.  As  in  18a  but  for  Vr. 
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state  field  dependent  transport  results  are  displayed  in  figure  18. 

The  first  set  of  calculations  shown  is  for  a  uniform  field. 
These  calculations  are  performed  for  reference  only.  For  the 
uniform  field  calculations,  the  device  is  in  series  with  a  load 
resistor  and  an  inductor.  The  device  is  also  in  parallel  with  a 
capacitor.  For  the  first  set  of  calculations,  the  inductor  is  set 
to  zero,  and  the  load  resistor  is  set  to  O.OIRq,  where  Rq  is 
the  low  field  resistance  of  the  element.  The  capacitor  was  set  to 
Co  “  tr/ro«  where  rg  is  the  dielectric  relaxation  time 
for  the  semiconductor  element.  For  the  space  charge  dominated 
device,  the  device  was  subjected  to  a  specified  time  dependent 
voltage  source  and  all  capacitive  effects  were  included 
self-consistently  through  application  of  the  continuity  equation. 
(An  earlier  study  incorporated  the  load  resistor) .  The  two  space 
charge  dependent  calculations  were  for  two  terminal  devices ,  one 
with  an  active  region  length  of  0 . 25/im,  the  second  with  a  device 
length  of  1.0pm.  Both  had  doping  levels  of  5xl016/cms  and 
were  subject  to  injecting  boundary.  Further  in  these  calculations, 
ionized  impurity  scattering  was  ignored. 

The  uniform  field  calculations  were  performed:  (1)  at  a  bias 
level  of  6kv/cm,  and  (2)  at  lOkv/cm.  The  familiar  overshoot 
results  discussed  earlier  are  displayed  here  in  figure  19. 


*  / .  5 1  p» 


FIGURE  19.  Transient  transport  uniform  field  for  two-level  T-L 
transport. 


The  situation  with  regard  Co  Che  space  charge  dependenC 
calculaCions  wich  InjecCing  boundary  condiclons  Is  shown  in  Che 
nexc  sec  of  figures.  Figure  20  displays  Che  currenC  Cine 
cransienCs  for  Che  0.2S  and  1.0/ja  devices  aC  two  different  bias 
levels.  The  use  of  currenC  rather  Chan  velocity  is  significanC 


T(ps) 

FIGURE  20.  (a)  <v>  vs  time  for  ,25fim  device  with  nonuniform 

fields;  (b)  <v>  vs  time  for  l.Opm  device  with 
nonuniform  fields.  Each  transient  was  taken  from  a 
non-zero  initial  state. 


here  -  it  is  current  that  is  conserved  -  not  velocity.  In  one 
dimension  the  total  current  is  independent  of  position.  Note  the 
significant  result  that  at  the  higher  bias  levels  the  steady 
current  level  increases  -  a  result  opposite  to  that  for  the 
uniform  field  calculations. 

The  steady  state  distribution  of  electric  field  in  these 
devices  is  nonuniform  and  an  understanding  of  them  is  crucial  for 
understanding  device  operation.  The  field  profiles  for  the 
0.25pm  device  are  displayed  in  figures  21a  and  22a,  and  show  a 


FIGURE  21.  (a)  Electric  field  vs  distance  for  0.25pm  device  with 
injecting  cathode  and  an  applied  bias  of  0.1  volts; 
(b)  N- total  and  Np  carrier  density. 


characteristic  increase  in  field  as  the  downstream  boundary  is 
approached.  In  both  cases  the  initial  increase  from  the  cathode  is 
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FIGURE  22(e).  T- valley  temperature. 


structure  and  a  bias  of  O.lv  the  anode  field  is  flat,  while  that 
for  the  0.25v  case  the  field  continues  to  increase.  There  is 
little  electron  transfer  at  the  lower  bias  level,  as  indicated  in 
figure  21b,  but  a  substantial  number  for  the  higher  bias  level,  as 
indicated  in  figures  22b  and  22c.  It  is  anticipated  that 
increasing  the  applied  bias  will  cause  an  increase  in  the  numbers 
of  carriers  scattered  to  the  satellite  valleys  where  the  carrier 
velocity  is  reduced.  Experimentally,  however,  in  the  absence  of 
device  heating  an  increase  in  current  density  with  an  increase  bias 
field  is  expected,  at  least  under  dc.  conditions.  The  most  likely 
reason  for  this  to  occur  is  through  net  carrier  accumulation  within 
the  region  of  electron  transfer.  This,  indeed,  is  what  is 
occurring  and  is  seen  in  figure  22b.  We  note  that  the  decreasing 
carrier  concentration  for  the  short  device  and  low  bias  requires, 
through  current  continuity  an  increase  in  carrier  velocity,  as  seen 
in  figure  21c.  Further,  the  T-valley  electron  temperature 
increases  only  to  600®K,  not  enough  to  result  in  carrier  transfer. 


The  increasing  electric  field  at  high  bias  levels  in  the 
vicinity  of  the  anode  is  a  feature  of  materials  with  a  region  of 
negative  differential  mobility  and  does  not  appear  to  be  dependent 
upon  the  specific  boundary  conditions  applied.  It  was  predicted  by 
Shockley18,  and  its  consequences  have  been  detected 
experimentally19.  We  note  that,  as  in  the  low  bias  calculation, 
the  T-valley  carrier  velocity  increases  substantially  toward  the 
anode  (figure  22d)  and  the  electron  temperature  exceeds  900"K 
(figure  22e),  forcing  electron  transfer. 
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FIGURE  24(a).  Total  carrier  density  corresponding  to  the  field 
distribution;  (b)  T-valley  carrier  density. 
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The  features  of  the  0.25/im  calculation  are  exaggerated  for 
the  longer  1.0/xm  calculation  of  figure  23.  Note  the  high  anode 
field  near  30kv/cm,  and  the  substantial  electron  transfer  (figures 
24a  and  b) .  The  T-valley  carrier  velocity  for  this  case  is 
larger  than  that  of  the  0.25/mb  case  as  required  by  current 
continuity. 


FIGURE  24(c,d).  As  in  figure  24a,  b,  but  for  T-valley  carrier 
velocity  and  electron  temperature. 


It  is  important  to  reiterate  the  significance  of  these 
results.  It  was  originally  anticipated  that  the  uniform  field 
calculations  and  the  consequent  predictions  were  relevant  to  high 
frequency  and,  therefore,  subraicron  devices.  With  regard  to  the 
uniform  field  calculations,  it  must  be  noted  that  these  are 
applicable  to  devices  of  any  length,  as  long  as  the  field  is 
uniform.  With  regard  to  submicron  devices  with  nonuniform  fields, 
the  time  dependent  uniform  field  results  are  not  at  all  adequate. 
They  do  not  predict  the  peak  or  asymptotic  currents  correctly. 


The  numerical  results  are  somewhat  model  dependent.  Certainly 
the  details  are  dependent  upon  boundary  conditions ,  device 
structure,  length,  doping,  and  etc.  But  there  are  several 
interesting  features  that  should  be  highlighted  as  they  appear  in  a 
number  of  different  studies.  The  first  point  to  be  noted  is  that 
the  carriers  are  entering  the  device  at  high  velocities  of 
1.5xl07  cm/sec.  Within  the  device  and  near  the  downstream 
boundary,  as  indicated  above,  a  large  fraction  of  the  carriers 
transfer  to  the  satellite  valley.  These  low  mobility  carriers 
contribute  only  an  insignificant  amount  to  the  net  current  through 
the  device.  The  high  current  drive  is  a  consequence  of  the  high 
level  of  injection  throughout  the  active  region  of  the  device.  (In 
longer  "active  region"  devices,  the  advantages  of  charge  injection 
are  reduced  and  intervalley  transfer  leads  to  lower  current  levels). 

The  importance  of  space  charge  injection  is  not  limited  to  the 
structure  just  discussed.  An  extremely  interesting  device  that 
appears  to  exhibit  many  of  the  properties  of  the  0.25pm  device  is 
a  one  dimensional  version  of  the  space  charge  injection  field 
effect  transistor  (Constant  et  ala0).  The  geometry  of  this 
structure  is  shown  in  figure  25,  and  the  space  charge  dependent 


FIGURE  25.  Structure  for  simulation  of  submicron  space  charge 
limited  transport. 

Pr°£i-l®s  for  a  one-volt  bias  across  the  device  are  displayed  in 
figures  26a  through  26c, 

For  the  injection  device  depicted  in  figures  25c  and  26,  the 
space  charge  dependent  profiles  display  considerable  similarity  to 
the  results  of  the  space  charge  limited  diode.  There  is  a 
potential  minimum  some  distance  away  from  the  physical  cathode, 
resulting  in  a  retarding  electric  field.  The  consequence  of  this 
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FIGURE  26. 


(a)  Field  and  potential  vs  distance  for  the  structure 
of  figure  25;  (b)  carrier  density;  (c)  carrier 

velocity  and  electron  temperature. 


retarding  field  is  that  the  electrons  are  cooled  as  they  approach 
the  minimum21.  (Note:  we  are  not  accurately  representing  the 
scattering  at  temperatures  below  the  ambient.  The  results  are 
therefore  only  qualitatively  significant).  The  carriers  are 
entering  the  active  region  at  relatively  high  values  of  velocity 
and  are  exiting  at  even  higher  values.  The  field  is  nonuniform 
with  high  values  near  the  downstream  contact.  There  is 
considerable  transfer  which  is  compensated  by  an  excess  of  injected 
carriers . 


ASSESSING  THE  UPPER  FREQUENCY  LIMIT  OF  SMALL  SIGNAL  OPERATION 


The  next  item  of  interest  in  connection  with  any  of  these 
devices,  and  certainly  with  regard  to  assessing  material  properties 
is  the  upper  frequency  limit  of  operation.  The  determination  of 


b 


m 


v 

& 

= 


the  upper  frequency  limit  depends  on  the  structure  of  interest  and 
the  mode  of  operation.  If  we  confine  ourselves  to  the  transferred 
electron  effect,  then  there  are  at  least  five  items  of  interest: 

(1)  large  versus  small  signal  operation,  (2)  device  length,  (3) 
boundary  conditions,  (4)  doping  variations,  and  (5)  circuit.  There 
has  been  only  a  limited  amount  of  work  done  with  regard  to  the  last 
four  items  and  here  only  with  long  devices.  We  will  consider  these 
later.  At  this  point,  we  will  confine  our  activity  to  large  and 
small  signal  operation. 

Consider  first  small  signal  high  frequency  operation,  within  the 
context  of  the  following  type  of  "experiment"  (see  figure  27).  We 
assume  a  device  is  in  a  quiescent  state  at  a  voltage  level 
and  a  current  level  I0.  The  device  is  then  subjected  to  a  sudden 
perturbation  in  the  form  of  a  square  wave  pulse.  The  questions  to 
be  asked  are:  what  is  the  output  response,  and  what  is  the  upper 
frequency  limit  for  small  signal  negative  conductance? 
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FIGURE  27.  Small  signal  configuration. 

Under  uniform  field  conditions,  NDR  occurs  when  carriers 
transfer  to  the  low  mobility  satellite  valleys.  Since  the  number 
of  electrons  transferring  to  subsidiary  values  requires  a  finite 
time  to  be  completed,  the  extent  of  negative  conductance  is 
frequency  dependent.  This  frequency  dependence  is  complicated  by 
the  presence  of  nonuniform  fields  which  completely  eliminates  dc 
NDR.  Indeed  for  nonuniform  fields,  the  most  significant 
contribution  to  small  signal  NDR  is  the  non-local  transit  time 
effect.  (Note:  this  does  not  preclude  the  possibility  of  a 
transient  "uniform- field" - like  response  to  an  external  source).  We 
first  examine  the  way  a  material  like  GaAs  responds  to  such  an 
external  stimulus.  Consider  figure  28,  which  displays  the  voltage 
pulse  and  a  qualitative  sketch  of  a  current  response  (based  on  the 
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overshoot  calculations).  The  current  response  Includes  an  apparent 
overshoot  and  a  relaxation  to  a  current  level  below  that  of  the 
unperturbed  system.  We  are  clearly  considering  uniform  fields 
here.  There  could,  additionally,  be  some  nonequilibrium  undershoot 
as  represented  by  the  dashed  lines.  When  the  pulse  is  turned  off 
the  system  returns  to  its  steady  state  value.  Hereto,  there  may  be 
some  residual  nonequilibrium  overshoot. 


FIGURE  28.  Small  signal  current  response. 

With  reference  to  figure  28,  the  product  646 I  represents  the 
time  rate  of  change  of  energy  across  the  device.  When  it  is 
positive,  the  system  is  lossy,  when  it  is  negative,  the  device  is 
returning  power.  For  uniform  fields  where  an  increase  in  the  bias 
field  results  in  a  decrease  in  current,  there  is  necessarily  a 
region  of  small  signal  frequency  dependent  NDR22.  The  frequency 
dependence  is  due  to  several  sources.  First,  there  is  over  and 
undershoot  prior  to  steady  state  (dashed  lines  in  figure  28). 
Second,  the  extent  of  the  frequency  dependence  is  sensitive  to  the 
time  duration  of  the  disturbance.  For  example,  if  the  excitation 
is  turned  off  before  the  system  had  a  chance  to  reach  the  NDR 
region,  no  power  would  be  delivered  to  the  load.  Thus,  the 
limitation  to  small  signal  negative  resistance  is  principally  at 
high  frequencies. 

The  small  signal  NDR  is  dependent  upon  the  scattering  rates. 
These  in  turn  are  dependent  upon  the  bias  field.  Thus,  the 
magnitude  and  extent  of  the  small  signal  NDR  is  bias  dependent. 
Specifically,  at  sufficiently  high  bias  levels  a  substantial  amount 
of  transfer  occurs  and  the  small  signal  NDR  will  decrease.  There 
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should  be  an  optima  bias  level  for  small  signal  NDR,  and  this  is 
displayed  in  figure  29a.  The  data  summarized  in  29a  is  obtained 
from  dispersion  relationships.  The  field  dependence  of  the  real 
part  of  the  dispersion,  yields  the  frequency  dependent  mobility,  as 
is  shown  in  figure  29b.  Here,  as  the  quiescent  field  increases. 
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FIGURE  29a.  Maximum  frequency  for  small-signal  oscillations  (from 
uniform  field  KBTE) . 


FIGURE  29b.  Small  signal  differential  mobility  for  two-level 

transfer  (from  uniform  field  MBTE) .  Here  F0  -  kv/cm. 
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FIGURE  30.  Small  signal  impedence  as  a  function  of  normalized 
frequency  from  the  drift  and  diffusion  equations1®. 

the  magnitude  of  the  small  signal  mobility  decreases,  while  the 
maximum  frequency  increases. 

It  is  important  to  note  that  the  dispersion  relations,  obtained 
from  the  drift  and  diffusion  equation,  will  not  cross  over  to 
positive  values  at  high  frequencies.  The  absence  of  this  cross 
over  is  shown  in  figure  30c1®. 

The  above  small  signal  discussion  has  been  for  uniform  fields. 
The  question,  of  course,  is  what  happens  for  nonuniform  fields. 

For  nonuniform  fields  and  structures  several  microns  in  length, 
transit  time  contributions  introduce  significant  phase  delays.  For 
submicron  devices,  the  extent  to  which  these  transit  time  delays 
enter  is  not  yet  clear.  What  is  apparent,  however,  is  that  if 
Shockley's  positive  conductance  theorem  is  valid  for  submicron 
devices,  then  a  residual  pre- relaxation  under-  or  overshoot  is 
necessary.  This  was  not  apparent  in  the  0.25pm  calculation  of 
figure  20a,  but  it  was  present  in  the  1.0pm  result  (figure  20b). 


THE  UPPER  FREQUENCY  LIMIT  OF  SELF- EXCITED  OSCILLATIONS 

The  above  discussion  was  concerned  with  small  signal  NDR.  The 
other  extremes  are  the  large  signal  oscillations,  often  identified 
as  relaxation  oscillations.  For  transferred  electron  devices, 
these  oscillations  received  prominent  attention  when  LSA  devices 
were  being  studied.  These  self -excited  oscillations  require  the 
presence  of  an  inductor  in  the  circuit.  When  dealing  with 
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transferred  electron  devices,  they  are  a  fundamental  phenomena  to 
be  dealt  with,  and  the  question,  of  course,  is  how  to  describe  them. 


The  simplest  description  of  the  self-excited  oscillator  for 
uniform  fields  is  through  the  coupled  circuit  equations  (see  figure 
31) 


-  IR  +  +  * 

at 


(73) 
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(74) 


where  1/  is  the  voltage  across  the  device  and  Ic  is  the 
conduction  current  and  is  equal  to  I  -  N  ev.  These  equations 
can,  in  turn,  be  represented  by  a  second  order  ordinary 
differential  equation: 


f  I0  1  Z  0f  dlc  R0CU*  d2* 

“  l1  +  *  RJ*  +  R0[R°  d»  +L/R  Jdt'+  dt'2 


z  -  -  2 
0  c 


t'  -  -  JL 

(LC)2 


For  the  situation  where  the  relation  between  Ic  and 
includes  that  of  a  region  of  NDR,  we  have  essentially  a  generic 
form  of  a  Van  der  Pol  oscillator.  Typically  the  NDR  region 
displays  no  hysterisis  and  is  not  frequency  dependent.  The 
normalization  identifies  the  quantity  Zq/Rq  as  the  strength  of 
the  nonlinear  element.  Its  effect  on  long  devices  is  that  it  will 
determine  when  space  charge  contributions  will  dominate  an 
oscillation. 

The  relevance  of  the  dynamic  properties  of  high  frequency 
devices  is  that  the  origin  of  the  self-excited  oscillation  lies  in 
the  presence  of  a  region  of  NDR.  Thus  the  upper  frequency  limit  of 
oscillation  is  essentially  defined  by  the  intervalley  transfer 
rates.  Further,  because  the  scattering  rates  are  sampled 
differently  from  that  of  the  small  signal  oscillation,  the  upper 


frequency  Unit  of  the  two  will  be  different.  Figure  31  summarizes 
the  dependence  of  the  upper  frequency  limit  of  the  self-excited 
oscillations.  Note  the  significantly  lower  maximum  frequencies. 
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FIGURE  31.  Maximum  frequency  for  self-excited  oscillations. 


Figures  32a-32c  illustrate  a  dynamic  large  signal  self-excited 
oscillation  at  78GHz  as  computed  from  the  moments  of  the  Boltzmann 
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FIGURE  32a.  Velocity  vs  field  lissajous  for  78  GHz  osc. 
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transport  equation.  Figure  31a  displays  the  velocity,  not  the 
magnitude  of  the  velocity,  as  computed  self -consistently  from  the 
MBTE  and  the  circuit  equation.  Note  that  the  velocity  field  figure 
arises  from  eliminating  time  between  the  velocity- time  profile  and 
the  field- time  profile.  In  figure  32a,  there  is  an  initial  very 
high  velocity  arising  from  the  initial  overshoot  transient.  Under 
steady  state,  the  time  dependent  voltage,  or  field,  as  displayed  in 
figure  32b  sustains  a  softer  rise  time  and  overshoot  effects  are 
reduced.  Note  the  hysterisis  in  velocity  arises  because  the 
response  of  the  carrier  density,  velocity  and  temperature  are  not 
instantaneous.  In  the  case  of  the  carrier  density,  there  is  a 
delay  following  a  field  increase,  before  the  electrons  transfer  to 
the  satellite  valley,  as  shown  in  figure  32c,  and  a  delay  following 


FIGURE  32b.  Field  vs  time  for  the  78  GHz  oscillation. 
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FIGURE  32c.  Dynamic  lissajous  figures  for  T-valley  carrier 
density,  velocity  and  temperature. 


a  field  decrease,  before  the  electrons  return  to  the  T-valley. 

At  higher  frequencies,  obtained  by  reducing  the  inductance,  the 
finite  intervalley  relaxation  times  prevent  sustained  oscillations. 

The  question,  of  course,  is  how  are  space  charge  dependent 
effects  going  to  enter  the  picture.  For  submicron  devices,  this 
has  not  yet  been  determined.  Let  us,  however,  go  through  some 
discussion  to  see  if  we  cannot  pick  up  a  thread  of  prediction.  To 
do  this  we  rely  on  some  analysis  done  earlier.  Basically,  we  are 
concerned  with  three  time  constants:  (1)  an  intervalley  relaxation 
time,  (2)  a  circuit  frequency,  (3)  the  propagation  time  of  a  space 
charge  wave.  In  the  case  of  low  frequency  operation,  space  charge 
control  requires  that  the  circuit  frequency  be  sufficiently  high  to 
suppress  residual  space  charge  nonuniformities.  (This  will  also 
require  a  sufficiently  high  Zq/Rq  circuit.  See  Eq.  75)  The 
above  arguments  are  also  required  for  short  submicron  length 
devices.  But  if  we  look  at  the  transit  time  associated  with  the 
smaller  devices,  particularly  the  0.25^tm  device,  the  transit  time 
is  of  the  order  of  the  LO  phonon  scattering  time.  It  is 
unrealistic  to  suggest  self-excited  oscillations  on  this  time  scale 
for  GaAs  devices. 

In  addition  to  both  the  self-excited  oscillation  and  the  small 
signal  oscillation,  there  is  the  driven  oscillator,  where  a 
sinusoidal  driving  potential  is  imposed  on  the  device  as  shown  in 
figure  33.  The  dynamic  situation  associated  with  the  above  figure 


FIGURE  33.  Driven  oscillator  configuration. 

is  as  follows.  When  the  power  is  delivered  to  the 
device-plus- load,  power  is  dissipated  to  the  load  in  an  amount 
equal  to 

R<I2>  (76) 

where  the  brackets  denote  a  time  average  over  one  period.  The 
power  delivered  to  the  device  is 
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When  Che  above  quantity  is  positive,  the  device  is  lossy. 
Interest  in  the  transferred  electron  device  arises  from  the  fact 
that  Eq.  (77)  can  be  negative  and  the  device  can  deliver  power  to 
the  load.  The  situation  is  clearly  limited  by  the  frequency  of 
operation,  and  one  particular  set  of  results  is  displayed  in  figure 
34.  Which  shows  a  Lissajous  between  velocity  and  applied  field. 


FIGURE  34.  Velocity  vs  driving  field;  positive  slope  denotes  gain, 
negative  slope  denotes  loss. 

When  the  net  slope  of  the  major  axis  is  positive  power  is 
delivered  by  device.  When  the  net  slope  is  negative,  power  is 
dissipated.  Both  results  are  consistent  with  the  phenomena  of 
negative  differential  mobility.  For  nonuniform  fields  the  question 
again  arises  as  to  how  high  in  frequency  we  can  go  and  still  obtain 
amplification  of  the  imposed  signal.  The  situation  is  likely  to  be 
similar  to  that  obtained  from  the  small  signal  and  large  signal 
self-excited  oscillation  studies,  and  to  depend  critically  upon 
device  design.  Whil\.  the  upper  frequency  limit  for  a  particular 
device  has  not  yet  been  obtained,  steps  have  already  been  taken  to 
couple  solutions  to  the  BTE  with  a  driving  sinusoidal  source  to 
design  transferred  electron  amplifiers.  These  transferred  electron 
amplifiers  were  designed  using  indium  phosphide  (InP)23. 
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THREE -TERMINAL  DEVICES:  TWO-DIMENSIONAL  DRIFT  AND  DIFFUSION  STUDIES 

The  situation  with  three  terminal  elements  is  somewhat 
different.  In  this  case,  unless  we  specifically  are  interested  in 
active  oscillations  as  will  occur  in  transferred  electron  logic 
elements,  or  with  switching  devices  the  relevant  figures  of  merit 
are  associated  with  the  frequency  at  which  a  device  amplifies  the 
power  of  an  incoming  signal.  For  example,  the  frequency  at  which 
the  current  gain  of  an  FET  drops  to  unity  is  referred  to  as  the 
cutoff  frequency.  In  an  approximate  sense,  the  cutoff  frequency  is 
obtained  from 


Em 

2xCgs 


and  is  usually  reduced  by  the  presence  of  unwanted  parasitic 
elements.  The  quantity  fx,  when  it  is  sufficiently  high  is 
usually  the  driving  force  behind  the  development  of  new  device 
structures.  The  general  expressions  for  fx  which  are  used  in  the 
design  of  a  device  depend  in  large  part  on  the  mobility  model  used. 
This  is  clearly  unsatisfactory,  and  the  situation  requires 
assessment,  which  is  difficult  at  this  time.  Frey,  et  al. ,  using  a 
highly  approximate  approach  to  examining  submicron  transport  in  two 
dimensions  estimated  fx  for  a  2-micron  long,  0.25-micron  gate 
length  device  at  approximately  60GHz. 

More  commonly.  In  its  simplest  description,  fx  is  expressed 
in  terms  of  specific  material  quantities.  For  example,  in  the 
Shockley  model,  it  is  proportional  to  the  carrier  mobility  and 
inversely  proportional  to  the  gate  length. 


fx  = 

1  Lg2 


(79a) 


Under  conditions  of  saturation  in  velocity,  this  expression  has 
been  estimated  as 


(79b) 


and  for  Vs  -  107cm/sec,  Lg  -  0.25/jm,  fx  =  66  GHz.  Note: 
velocity  overshoot  contributions  should  improve  fx,  as  well  as 
the  transconductance  from  which  these  expressions  are  obtained. 
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The  experimental  situation  on  the  gate-length  dependence  of 
FETs  is  also  somewhat  uncertain  on  this  matter.  For  example,  a 
recent  study  by  Chao  et  al.25,  shoved  (1)  an  increased  drain 
current  with  shorter  gates,  (2)  significantly  larger  pinch-off 
voltage  for  shorter  gate  devices,  (3)  a  slight  increase  in  the 
transconductance  of  the  shorter  gate  devices,  and  (4)  the  output 
conductance  of  the  short  gate  device  was  not  necessarily  larger 
than  that  of  the  long  gate  device.  The  general  conclusion  of  the 
study  was  that  by  keeping  other  device  material  parameters 
constant,  no  improvement  would  necessarily  occur  by  going  to  short 
gate  length  devices. 

Whether  the  conclusions  of  the  Chao  et  al.,  study  are  going  to 
be  confirmed  by  a  number  of  other  studies  remains  uncertain.  But 
diagnostic  techniques  are  required  for  determining  the  effect  of 
the  space  charge  distribution  on  device  performance  and,  in 
particular,  when  the  speed  enhancement  can  be  utilized.  One  such 
set  of  measurements,  which  appears  to  be  sensitive  to  the 
distribution  of  space  charge  within  the  device  are  the  small  signal 
circuit  parameters.  This  was  first  demonstrated  by  Engelmann  et 
al.26,  for  longer  gate  length  InP  and  GaAs  devices.  We  review 
this  below  for  long  devices  and  suggest  this  as  a  method  of 
examining  the  space  charge  structure  of  short  gate  length  devices. 
The  method  involves  obtaining  the  self-consistent  solutions  for  the 
small  signal  microwave  parameters  of  a  device  and  identifying  their 
frequency  dependence  with  specific  space  charge  profiles  within  the 
device.  The  calculation  does  not  stem  from  the  moments  of  the  BTE, 
which,  of  course,  should  be  used.  Rather,  it  is  derived  from  the 
standard  drift  and  diffusion  equations.  In  this  case  using 
parameters  appropriate  to  GaAs . 


CALCULATION  OF  THE  SMALL  SIGNAL  "Y"  PARAMETERS 

This  calculation  is  a  numerical  one .  The  equations  solved  are 
the  two-dimensional  continuity  equation 


3n(x,t)  .  « 

-  e  — ; — ■ — -  +  div  •  J  -  0 
c  t 


(80) 


the  drift  and  diffusion  equation 


J  -  -  e 


jn(x, 


t)  v(F)  -  D(F)Vn(x 


■«} 


(81) 
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Poisson's  equation 


V2*(x,t)  -  +  y^n(x.t)  -  n0(x)j 


and  the  relevant  circuit  equations.  In  the  above  X  denotes  the  two 
dimensional  position  vector.  The  FET  configuration  is  shown  in 
figure  35,  for  a  structure  with  a  doping  of  1018/cm3,  the  low 
doping  was  chosen  to  reduce  computational  time. 


FIGURE  35.  Two-dimensional  device  circuit  configuration  for  the 
small  signal  calculations.  Relevant  dimensions  are 
Lg  -  1.2pm,  L<;d  -  10pm  and  H  -  1.95pm. 

The  small  signal  calculations  are  obtained  as  small  time 
dependent  perturbations  of  time  independent  steady  state 
solutions.  Since  we  are  treating  GaAs,  the  possibility  of  large 
signal  domain  transit  time  oscillations  must  be  considered.  Since 
this  would  only  serve  to  complicate  matters  and  render  the  concept 
of  small  signal  parameters  specious,  attention  was  concentrated  on 
thin  "ND"  product  FET's  that  do  not  sustain  instabilities  (Grubin 
et  al. ,  1980] 27 . 

The  steady  state  or  dc  characteristics  of  the  device  were 
self -consistently  computed  and  are  displayed  in  figure  36.  Typical 
carrier  density  profiles  are  represented  in  figures  37  and  38. 


Figure  37  displays  results  for  a  bias  sufficiently  high  to  generate 
a  high  field  domain  under  the  gate  contact. 


FIGURE  36.  Steady  state  drain  current  vs  drain  potential  for  two 
values  of  gate  bias.  Here  Ic  -  N0evpA  and  ¥0  -  FpL. 

Where  vp  is  the  peak  gallium  arsenide  carrier  velocity  and  Fp 
is  the  threshold  field  for  negative  differential  mobility. 


FIGURE  37.  Projection  of  electron  density  within  the  FET. 

Channel  height  increases  toward  the  bottom  of  the 
channel.  Channel  length  is  along  a  direction  of 
increasing  x.  Density,  which  is  in  normalized  units, 
increases  in  the  downward  direction.  For  this 
calculation  tig  -  0.0.  and  4>d  -  1.0<<o. 
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FIGURE  38.  Carrier  density  for  <tG  -  -0.6  90  and 

-  0.4  90.  The  current  density  for  this  case 
is  ID  »  0.0. 

Figures  37  and  38,  and  their  respective  current,  and  voltage 
values  represent  the  starting  point  of  the  calculation. 
Subsequently,  a  small  signal  square  wave  voltage  (see  e.g.,  figure 
39)  was  superimposed  on  the  drain  contract  potential,  with  the  gate 
contact  potential  fixed  at  its  steady  state  value.  The  resulting 


FIGURE  39.  Representation  of  the  small  signal  disturbance.  A  square 
wave  pulse  is  applied  to  the  drain  contact,  altering  the 
drain  contact  boundary  condition:  -  ♦d+^D' 

There  is  a  subsequent  change  in  the  drain  and  gate 
currents,  filj)  and  6Iq. 
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change  in  source,  gate  and  drain  currents  are  then  computed  subject 
to  the  constraint 


*IS(T)  -  6Id(T)  +  S Ig(T) 


The  gate  and  drain  current,  and  the  drain  potential  are  then 
Fourier  analyzed.  The  ratios  for  a  fixed  gate  potential  are 
identified  as  the  admittance  parameters : 


Yl2(0)  - 


*Ig(Q> 


Y„(0)  - 


*Ip(0) 

6«d<°> 


A  similar  exercise  is  performed  for  a  perturbation  on  the  gate 
contact,  with  the  identification  of  two  additional  admittance 
parameters 


Yn(0)  - 


glG(O) 

«*G<«) 


Y2l(n)  - 


gip(n) 

s*G(n> 


The  "Y"  or  admittance  parameters  are  dependent  on  the  space 
charge  and  potential  profiles  and  are  thus  bias  dependent.  In 
addition,  it  is  generally  assumed  that,  about  a  given  bias  point, 
the  small  signal  currents  add  in  a  linear  way.  Then: 


«lG  "  (Y„  +  Y12)  5*G  -  Y12(S¥g  -  5-y 


SID  -  (Y21  -  Yl2)  61/q  +  Y12(S*g  -  5»d)  +  (Y22  +  Y12)  6*d  (89) 


with  the  equivalent  circuit  as  shown  in  figure  40.  The  terms 


Ylt  +  Y12  are  generally  identified  as  source-gate  admittance 
parameters,  while  -Y12  is  referred  to  as  the  gate-drain 
admittance . 


FIGURE  40.  General  form  of  the  FET  intrinsic  circuit  model  with 
reference  to  equations  88  and  89: 

Yoi  “  Y22  +  Y12  •  Ylt  -  +Y12  •  Y21  -  V12 

and  Ymi  -  V2l  -  Vl2.  See  also  Cobbold  (1970). 2 8 

Figure  5.3. 


The  advantage  of  this  type  of  representation  is  that  a 
heuristic  connection  is  often  made  to  circuit  elements  as  shown  and 
intuitive  design  models  may  be  expanded  upon  as  shown  in  figure  41, 
which  represents  the  first  order  equivalent  circuit  for  small 
signal  calculations.  This  circuit,  while  commonly  used,  does  not 
adequately  express  the  presence  of  high  field  dipole  layers;  as  we 
show  below. 


FIGURE  41.  First  order  equivalent  circuit  terms  within  dashed 
border  represent  zeroth  order  circuit. 

Selective  "Y"  parameters  versus  frequency  are  displayed  in 
figures  42  through  44  for  a  range  of  drain  bias  values  and  a 
moderate  value  of  gate  bias29. 


CHANNEL  LENGTH 


FIGURE  43c.  Carrier  density  projections 
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FREQUENCY 


FIGURE  44c.  As  in  figure  42,  but  for  “  “1-0  VQ. 


In  these  figures,  the  admittance  parameters  are  expressed  units  of 
G0 ,  where 

N0e^0HW  (90) 


the  frequency  is  in  multiples  of  f0 


f0  -  0.542GHz 


and  the  bias  levels  are  in  multiples  of  ♦0-3.2  kv/craxlO'4cm-. 32v. 
Some  broad  general  features  are  clear  and  these  are  expressed  in 
terms  of  the  zeroth  order  circuit  parameters  of  figure  41. 
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drain  element  Y0  appears  to  require  the  inclusion  of  a  bias 
dependent  capacitor. 


Additional  study  of  the  imaginary  part  of  Y12  is  shown  next. 

As  seen  in  figure  45,  the  capacitance  of  the  system  undergoes  a 
precipitous  drop.  A  feature  also  seen  experimentally  (Engelmann  et 
al.,  1977)26.  The  broad  features  of  this  result  were  discussed 
by  Engelmann,  et  al,  (1977)26,  and  is  represented  in  figure  46. 
Essentially,  the  presence  of  the  high  field  domain  is  cutting  off 
the  gate  drain  coupling. 


FIGURE  46.  Schematic  representation  of  the  gate-drain  admittance 
in  the  presence  of  a  high  field  domain.  Cg(j 
represents  a  small  signal  conductance  which  exhibits  a 
frequency  dependent  region  of  negative  differential 
conductivity  when  a  high  field  domain  is  present. 


We  recall  that  Cgcj  represents  the  gate -to -channel  capacitance 
on  the  drain  side  of  the  channel  as  indicated  in  figure  47,  and  is 
a  measure  of  the  change  in  channel  depletion  charge  as  a  result  of 
changes  in  drain  bias.  Now,  while  a  capacitance  change  is  expected 


FIGURE  47.  Schematic  of  the  gate-to-drain  capacitance  as  a  measure 
of  the  change  in  channel  depletion  charge  resulting 
from  changes  in  drain  bias. 
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as  che  edge  of  the  depletion  layer  moves  toward  the  bottom  of  the 
channel,  the  enhanced  drop  in  capacitance  suggests  that  most  of  the 
modulation  is  across  the  dipole  layer.  This  is  illustrated  in 
figure  45. 

There  are  basically  two  sets  of  data  in  figure  45.  The  bold 
line  is  primarily  for  a  moderate  value  of  gate  bias.  The  most 
significant  drop  in  capacitance  occurs  when  a  domain  forms.  The 
situation  when  the  increase  in  gate  to  drain  voltage  is  a  result  of 
an  increased  gate  bias  does  not  result  in  the  dramatic  decrease  in 
capacitance.  For  the  latter  case,  dipole  domain  do  not  form.  We 
note  that  the  qualitative  features  of  this  calculation  are  in 
agreement  with  the  experimental  results  of  Engelmann,  et  al.  , 
(1977)26 . 

For  the  parameter  Y22,  we  simply  note  that  at  low  bias  levels 
Gds>0>  whereas  at  high  values  of  bias,  the  results  strongly 
suggest  a  frequency  dependent  region  of  small  signal  negative 
conductance,  a  feature  consistent  with  the  presence  of  high  field 
domains . 

We  next  consider  Ylt  and  note  again  that  to  account  for  the 
high  frequency  high  bias  behavior  of  Yllt  it  is  necessary  that 
Gds  exhibit  a  frequency  dependence  which  allows  for  a  range  of 
small  signal  negative  conductance.  With  regard  to  Im  Yu,  which 
we  write  as 


Ira  Ytl  -  -  0  CM(fi)  (96) 

we  note  from  figures  42  and  44  that  at  low  bias  levels  Ctl  is 
somewhat  greater  than  twice  Cg^.  At  high  bias  levels  when 
domains  form  Ctl(n)  is  at  least  an  order  of  magnitude  greater 
than  Cg^.  Under  low  or  moderate  gate  bias  levels  0^(0)  does 
not  exhibit  a  precipitous  drop  in  value.  Rather,  at  first  the 
capacitance  decrease  corresponding  to  a  movement  of  the  depletion 
layer  toward  the  bottom  of  the  channel.  This  was  also  the  initial 
behavior  of  the  gate  to  drain  capacitance.  Further  increases  in 
drain  bias  result  in  domain  formation  and  space  charge  injection 
into  the  depleted  zone.  The  effective  capacitance  shows  a 
corresponding  increase  corresponding  to  an  increase  in  the  stored 
charge .  This  is  displayed  in  figure  48.  For  the  situation  where 
the  net  voltage  increase  is  due  to  an  increase  in  gate  bias,  where 
no  domains  form  there  is  the  expected  drop  in  capacitance,  as  also 
reflected  in  the  gate  drain  capacitance  without  domains.  This  is 
also  shown  in  figure  48.  The  experimental  situation  shows  broad 
agreement  with  the  numerical  results. 
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the  presence  of  near  saturation  in  both  sets  of  data.  This  is  also 
seen  experimentally.  Our  data  does  not  extend  to  high  enough  drain 
bias  levels  to  determine  Whether  a  corresponding  decrease  in 
transconductance  occurs.  The  current-gain  cutoff  frequency  is 
obtained  from  the  expression 


ft  " 


0  Re  Yai 

2x|lm  (Ylt  +  Yu)  | 


(97) 


and  is  shown  in  figure  50.  It  is  seen  that  saturation  in  ff 
occurs  under  the  presence  of  domain  formation.  The  decrease  in 
f<r  at  the  higher  drain  bias  levels  appears  to  be  associated  with 
an  increase  in  the  source-gate  capacitance.  Experimental 
observations  again  show  qualitative  agreement  with  theory. 


FIGURE  50.  Cutoff  frequency  vs  (♦do  “  *G0V*o  f°r 

♦G0  -  -0.Uo. 
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THREE-TERMINAL  DEVICES:  TWO-DIMENSIONAL  MOMENTS  OF  THE  BOLTZMANN 
TRANSPORT  EQUATION 

The  two -dimensional  simulations  are  new  and  as  a  result  there 
has  not  been  much  experience  to  rely  upon.  The  boundary  conditions 
are  more  complicated  insofar  as  parallel  components  of  velocity  are 
also  required  to  characterize  the  boundary  and  the  contact.  The 
result  is  that  the  familiar  "simple"  one -dimensional  contact 
descriptions  need  rethinking.  The  next  few  figures  will  illustrate 
some  of  the  present  observed  features.  The  simulations  have  been 
performed  for  a  two-micron  long  device,  with  a  gate  length  of 
0.5/im  with  structure  of  figure  51.  Because  most  of  the 
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FIGURE  51.  Schematic  of  "horizontally"  placed  submicron  gate  MESFET 
used  in  submicron  dimensioned  BTE  "moment"  simulations 

one -dimensional  calculations  were  performed  for  doping  levels  of 
5xl0is/cm3,  the  doping  levels  of  the  two-dimensional  calculation 
were  taken  at  this  value.  The  boundary  conditions  are  listed  in 
Table  6. 

Figure  52a  displays  the  distribution  of  total  charge  within  the 
two -micron  long  device  with  a  gate  potential  kept  at  ground,  and  a 
drain  potential  at  1  volt.  The  source  contact  was  an  injecting 
contact.  The  normal  component  boundary  conditions  were  similar  to 
those  obtained  from  the  one -dimensional  case.  For  the  Schottky 
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TABLE  6.  Boundary  Conditions 


AB 

CD 

— v — 

1 

1 

O 

otherwise  derivatives  are  zero 

EF 

BC 

V?  -  v£  -  0, 

av?  av* 

3Y  3Y  °' 

3T2 

3Y  °’  Tl 

SM*  -  Sr8’ 

T2  -  0 

DE 

32(all)  Q 

ax2 

♦  -  constant 

—  constant 


x  a*  av; 

FA  Vx  -  constant*—  ,  #  -  0,  -  0, 


3T, 

T*-1’  ax~  “  ° 


a2N„ 


V  V  32V. 

V?  -  Vi  -  0,  -  -  0,  - -  -  0,  T,  -  constant 

1  2  ax2  ax2  1 


>  gate,  the  normal  component  of  velocity  was  set  to  zero,  and  the 

T-valley  component  of  electron  temperature  was  set  to  900°K. 

Thus  some  transfer  was  effected  at  the  gate.  The  parallel 
component  of  velocity  was  set  to  zero.  What  is  apparent  from  these 
calculations  is  the  space  charge  accumulation  at  the  drain 
boundary,  a  feature  already  observed  in  the  one -dimensional 
simulations.  This  downstream  charge  accumulation  is  a  consequence 
of  electron  transfer  and  is  likely  to  lead  to  reduced  current 
drives.  An  increase  in  drain  bias  serves  to  enhance  the  level  of 
space  charge  accumulation  without  any  real  improvement  in  current 
level.  The  T-valley  charge  density  is  displayed  in  figure  52b, 
and  for  this  bias  level,  there  is  a  certain  degree  of  electron 
transfer.  Within  the  channel  near  the  bottom  of  the  device  the 
fractional  component  of  Np  =  0.9No.  Again,  most  of  the 
current  is  carried  by  the  T-valley  electrons.  The  distribution 
of  satellite  valley  carriers  is  shown  in  figure  52c.  It  tends  to 
emphasize  that  a  larger  fraction  of  L-valley  carriers  are  partaking 
in  transport  immediately  downstream  from  the  gate  contact  than 
within  the  channel,  but  their  net  contribution  to  the  total  current 
is  negligible.  (There  are  also  fewer  total  carriers  in  this 
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FIGURE  52c.  As  in  (a),  but  for  satellite  valley. 


region.)  In  figure  53  we  have  included  the  result  of  a  calculation 
in  which  the  boundary  condition  on  the  gate  electron  temperature 
was  increased  to  1500°K  to  show  how  this  alters  the  charge 
distribution.  At  these  bias  levels  no  significant  alteration  in 
current  level  was  observed.  The  total  charge  distribution  for 
1.25v  on  the  case  is  also  displayed  in  figure  54a.  The  observation 
is  made  of  increased  carrier  accumulation  at  the  drain  boundary  and 
enhanced  electron  transfer  (figures  54b  and  54c). 
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FIGURE  53.  As  in  52c.  But  for  Tg  -  1500’K. 


FIGURE  54b.  T-valley  carrier  density. 
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FIGURE  54c.  Satellite  valley  population. 


SCALING  AND  MATERIAL  CONSIDERATIONS 

There  are  two  questions  I  want  to  address,  and  they  have  to  do 
with  the  kinds  of  materials  we  should  be  looking  for.  The  guide  to 
this  answer  will  come  from  the  specific  device  goals.  The  question 
of  interest  concerns  the  significance  of  super  velocity  materials 
and  how  do  we  balance  high  speeds  with  sometimes  reduced 
mobilities.  To  examine  these  issues  we  return  to  the  moment 
equations  as  written  in  equations  (51),  (52)  and  (53).  The  first 
thing  we  will  consider  is  what  we  will  refer  to  as  intrinsic 
scaling.  This  type  of  scaling  is  not  dependent  on  device  length 
explicitly,  although  it  enters  the  discussion  through  the  relation 


4 


(t)dt 


(98) 


We  turn  to  equations  (51)  through  (53),  assume  a  constant  field 
across  the  device  and  set  all  other  spatial  derivatives  to  zero. 
Then 
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We  consider  the  situation  as  in  Ref.  30  where  all  of  the  scattering 
rates  are  altered  by  the  multiplicative  constant  A,  e.g., 

Ap  =»  AAp  (102) 

while  the  primed  scattering  rates  are  kept  constant.  Thus,  e.g. 

cref  cref/*  (103) 


We  note  that  such  materials  as  GaAs  and  InP  are  identified  by  their 
scattering  rates,  and  constant  scaling  is  directly  relevant  to  a 
comparison  of  the  two.  We  next  consider  the  case  where  the 
coefficients  a  and  d  are  invariant.  For  a  constant  vref,  this  is 
achieved  by  assuming  the  product 


cref  Fref  <104> 

to  be  constant.  This  requires  that 

Fref  *»  AFref  <1°5> 

The  first  consequence  of  this  scaling  is  associated  with  the  steady 
state  velocity  field  curves.  If 


an 


vc(F) 

represents  the  steady  state  field  dependent  velocity,  taken  as 
reference;  and 

va(f) 

represents  the  scaled  velocity,  then 

vx(f)  “  v0(F/A)  (106) 

In  simplest  terms  this  equations  states  that  the  magnitudes  of  the 
steady  state  and  saturated  drift  velocities  are  unchanged  by  this 
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scaling.  The  low  field  mobilities  differ  by  the  factor  A.  In  a 
qualitative  sense,  many  of  the  III-V  NDR  materials  are  subject  to 
this  type  of  scaling.  It  would  not  stand  up  in  a  quantitative 
sense  because  of  variations  in  the  phonon  frequencies  etc.  In 
figure  55  we  sketch  the  select  scattering  rates  for  InP  and  GaAs  at 
room  temperature.  In  figure  56  we  display  the  scaled  GaAs  and  InP 


FIGURE  55.  Comparison  of  T-valley  scattering  rates  for  GaAs  and  InP 
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FIGURE  56.  Normalized  steady  state  field  dependent  carrier  velocity 
Simple  linear  scaling  does  not  provide  linear  velocity 
scaling. 


steady  state  velocity  field  relations.  It  is  seen  that  linear 
scattering  rate  scaling  does  not  yield  linear  velocity  scaling. 

The  next  item  of  interest  concerns  the  transient  response. 

Here  with  reference  to  equations  (99)  through  (101)  it  is  clear 
that  constant  A  scaling  with 

t'  -  t/tref 

implies 

vr(t,F)  -  v0(At,F/A)  (107) 


or  in  another  form 

v0(t,F)  -  vr(t/A , AF)  (108) 


Consider  the  situation  where  the  material  under  consideration 
is  undergoing  self-excited  oscillations.  Then  the  scaling  law 
states  that  if  GaAs  has  an  upper  frequency  limit  of  150GHz,  and  it 
were  possible  to  design  a  scaled  semiconductor  material  with  A  - 
2,  then  the  latter  would  have  an  upper  frequency  limit  of  300GHz. 
Similar  remarks  can  be  made  with  respect  to  small  signal  and  driven 
oscillators.  Simulations  with  InP  self -excited  oscillations  have 
been  performed  and  frequencies  in  excess  of  those  found  in  gallium 
arsenide  were  obtained. 

With  regard  to  the  more  familiar  transient  transport 
calculations,  as  extrapolation  from  equations  107  and  108  yields 
the  results  shown  in  figure  57.  Thus,  transport  in  materials  with 
enhanced  scattering  rates  appears  to  approach  equilibrium  sooner . 
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These  conclusions,  of  course,  must  be  folded  into  the  fact  that  at 
higher  values  of  field  the  carriers  are  driven  to  higher  values  of 
velocity  and  the  scattering  rates  which  are  field  dependent  also 
increase.  In  terms  of  a  comparison  to  real  materials,  we  are  not 
interested  in  scaled  values,  but  rather  in  the  response  of  two 
dissimilar  materials  to  the  same  value  of  field.  A  simple  sketch 
based  upon  previous  comments  is  displayed  in  figure  58 ,  which 
displays  an  estimate  of  the  velocity  for  the  r—1  element  at  a 
field  of  18.8  kv/cra  (dashed  line).  Note,  the  higher  peak  carrier 
velocity.  Also  shown  in  figure  58,  is  the  velocity  versus  distance 
relation  obtained  through  application  of  equation  (98) .  The 


FIGURE  58.  Scattering  rate  scaling  as  applied  to  velocity 
transients . 


question  is,  how  well  do  these  very  general  comments,  which  can  be 
obtained  from  some  very  general  scaling  of  the  Boltzmann  transport 
equation,  stand  up  against  detailed  numerical  calculation.  The 
answer  is  displayed  in  figures  59  and  60,  where  the  general  scaling 
principles  appear  to  hold  up  fairly  well. 
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FIGURE  60b.  As  in  (a),  but  for  InP.32 

The  results  of  the  above  figure  appear  to  suggest  that  for  a 
fixed  submicron  length  the  transit  time  versus  distance  should  show 
advantages  for  GaAs  against  InP.  This  is  borne  out  in  figure  61. 
Indeed,  these  results  should  not  be  taken  as  noncontroversial . 

There  appears  to  be  some  differences  between  these  results  and 
those  of  Maloney  and  Frey  who  conclude  that  InP  will  always  show 
some  speed  advantage.  Indeed,  based  upon  the  Maloney  and  Frey 
results,  we  concluded  recently,  the  results  shown  in  figure  62. 
Based  on  figure  62,  a  calculation  of 


(109) 


(2^  transit  time) 


for  channel  length  of  0.4pm  ff  yields  114GHz  for  GaAs.  It  is 
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FIGURE  61a.  Variation  of  drift  distance  with  time  (GaAs) 
Np=1017cm'3  — Np  0.  Fields  in  kV/cm.32 
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FIGURE  61b.  As  in  (a),  but  for  InP.32 


slightly  higher  for  InP.  At  2500  A,  it  is  approximately  265GHz  for 
GaAs .  For  InP  it  is  approximately  227GHz.  But  the  numbers  derived 
form  figure  61  would  indicate  that  the  initial  transient  must  be 
included  in  the  material  assessment.  Thus,  clear  predictions  based 
upon  uniform  field  calculations  cannot  be  given. 
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FIGURE  62.  The  effective,  or  time-of-flight,  saturated  velocity  as 
a  function  of  the  inverse  channel  length.  The  InP 
curve  is  estimated  from  the  data  of  ref.  31. 33 
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begin  Co  dominate.  Additionally,  the  coefficient  f  in  Poisson's 
equation  is  length  dependent  and  as  xref  increases,  the  gradients 
in  F  increase.  These  contributions,  when  coupled  to  the  fact  that 
electrons  need  a  specific  device  length  to  traverse  before  they 
undergo  electron  transfer,  leads  to  the  following  key  results. 

Figure  63  shows  the  calculated  electric  field  distribution  for  GaAs 
subject  to  an  average  field  of  5kv/cm.  It  is  seen  that  the  highest 
nonuniform  field  distribution  occurs  as  the  device  length  increases. 

We  note  that  electron  transfer  tends  to  be  synonymous  with  low 
current  levels.  This  is  displayed  in  figure  64.  Additionally,  two 
other  important  features  arise.  First.,  there  is  the  increased 
drive  current  for  the  submicron  dimensions.  Second,  there  is  the 
absence  of  negative  differential  conductivity.  A  related  question 
of  importance  at  this  time  concerns  the  choice  of  material.  If  a 
material  with  an  increased  scattering  rate  were  chosen,  then  simple 
scaling  theory  suggests  that  to  achieve  similar  current  levels, 
shorter  device  lengths  are  needed,  and  higher  fields.  If  this 


F0(kV/cm) 

FIGURE  64.  Current  density  versus  average  field  versus  device  length. 

conclusion  holds  true  then  the  achievement  of  the  high  InP 
velocities  may  place  extreme  demands  on  available  technology, 
particularly,  if  very  small  gate  lengths  are  required,  as  appears 
to  be  the  case . 

The  next  type  of  scaling  we  consider  is  that  of  extrinsic 
carrier  density  scaling.  For  this  case,  the  important  equation  to 
examine  is  Poisson's  equation,  and  the  relevant  scaled  quantity  for 
this  case  is  the  coefficient  f  of  equation  (64) .  This  coefficient 
tends  to  indicate  that  for  a  given  value  of  average  electric  field 
all  results  are  unchanged  if  the  product  of  carrier  density  and 
device  length  are  kept  constant.  'NL'  products  are  common  in 
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examining  transport  in  long  GaAs  diodes.  They  are,  however, 
irrelevant  for  submicron  length  devices  in  that  they  ignore  the 
fact  the  intervalley  transfer  is  length  dependent,  as  the  results 
in  figure  65  indicate. 


FIGURE  65.  Field  and  T-valley  carrier  density  for  an  average 
field  of  5kv/cm.  For  this  calculation  Jr  -  NQevR, 
where  vR  -  1.0x10* cm/sec. 


One  very  general  conclusion  can  be  drawn  from  the  above  scaling 
arguments ,  it  is  that  the  achievement  of  high  speed  submicron 
length  devices  does  not  necessarily  require  materials  with  high 
steady  state  velocities.  High  steady  state  velocities  are 
irrelevant  for  submicron  devices.  Rather  what  is  needed,  are  high 
mobility  materials.  For  this  case,  it  is  clear  that  of  the  three 
materials  of  interest,  GaAs,  InP  and  Si,  GaAs  has  the  clear 
advantage.  But  there  has  been  considerable  interest  in  a  variety 
of  other  materials. 


MATERIALS  CHOICE 

The  situation  with  material  choice  is  best  illustrated  by 
several  examples,  but  again  the  material  choice  is  based  upon 
device  application.  If  the  device  conceived  is  such  that  submicron 
effects  do  not  enter,  then  the  steady  state  field  dependent 
velocity  curves  are  the  ones  of  interest,  as  illustrated  in 
figures  66  through  69.  Note,  particularly  high  values  of  field  and 
velocity  associated  with  the  InGaAs  alloys  (figure  66),  in  addition 
to  very  high  values  of  mobility.  Also  note  the  reduced  mobility 
for  the  AlGaAs  ternary,  as  Al  is  introduced;  for  InPAs  as  arsenic 
it  introduced;  and  GaAsP,  as  phosphorous  is  introduced.  The  method 
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FIGURE  66.  Velocity-Field  Curves  for  Gai_xInxAs  at  300°K 
with  a  doping  level  of  10*®  cm-8  (From  Ref.  31) 


ELECTRIC  FIELD  (V/cm) 


FIGURE  67.  Velocity-Field  Curves  for  Alj.xGaxAs  at  3008K 
with  a  doping  level  of  1016  cm'3  (Ref.  31). 


r  |  i,|  |.i  «  f  ».!«.( 


5  io7 


Vj  *0.6 

c  '  =  0-4 

y  =  0.2 


FIGURE  68.  Velocity-Field  Curves  for  InP^.yASy  at  300°K  with 
a  doping  level  of  1016  cm'3.  (Ref.  31) 


w  c 

>  io6 


FIGURE  69.  Velocity-Field  Curves  for  GaP^.yASy  at  300°K  with 
a  doping  level  of  1016  cm'3  (Ref/  31). 


for  calculating  these  field  dependent  curves  is  essentially  similar 
to  the  technique  used  for  calculating  the  field  dependent  curves 
for  GaAs ,  InP,  etc. 

Because  of  the  narrow  band  gap  of  some  of  these  materials, 
nonparabolic  effects  enter  and  additional  care  must  be  exercised  in 
performing  the  calculations,  but  basically  a  set  of  material 
constants  is  needed  for  each  binary  component  in  the  ternary 
element.  We  illustrate  this  in  figure  70  for  the  ternary 
GaxIn1_xA  ,  where  x  represents  the  mole  fraction  of  the  GaAs 
element. 

Figure  70  displays  the  band  gap  variation  of  the  three 
principle  portions  of  the  conduction  band  for  GalnAs.  We  note  that 
InAs  has  the  same  T-L-X  ordering  as  GaAs.  Such  is  not  the  case 
with  AlAs.  The  band  gap  variation  of  these  curves  is  represented  by 
(photoluminesence  studier)39 

Er  -  0.422  +  . 7x  +  0.4x2  at  2°K  (113a) 

Er  -  0.324  +  0.7x  +  0.4x2  at  300°K  (113b) 
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FIGURE  70.  Energy  gap  vs  composition  for  GalnAs. 


where  at  room  temperature  for  GaAs  (x-1) ,  Ep  -  1.43ev  and  for  InAs 


(x-0) ,  Ep  -  0.35ev.  There  is  a  clear  presence  of  bowing  in  Che  band 
gap  variation  with  composition,  but  linear  approximations  for  the  L  and  X 
band  for  X>.47  are  useful  (note:  Ga  4TIn  6,As  has  the  same  lattice 
parameter  as  InP) 


El  -  0.38  +  1. 73x 


Ex  -  0.3929  +  1.93x 


(114) 


(115) 


The  above  band  gap  variations  is  specific  to  GalnAs;  there  are, 
however,  fairly  general  rules40  often  used  for  calculating  other 
terms.  The  lattice  constant  a  is  computed  from 


a  -  xa^jaAg  +  ( 


(116) 


The  effective  mass  is: 


(i-x) 


(117) 
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for  each  section  of  the  conduction  band.  For  the  dielectric 
constants40 
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For  the  transverse  and  longitudinal  optical  frequencies 


wr  -  (xwT2GaAs  +  [l-x]wT2In^s)2 


wL  -  wt 


(119a) 


(119b) 
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To  calculate  the  acoustic  velocity  U40 
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(121) 


and  MA,  Mp,  MG  are  the  masses  of  the  constituent  atoms.  For 
example,  in  GalnAs:: 


Ha  -  Mqa  “  69.72  gra/mole 

Mg  —  Mjjj  “  114.82  gm/mole 
-  MAS  -  74.92  gm/mole 


Intervalley  phonons  are  obtained  from  a  linear  extrapolation  of 
the  intervalley  phonons  of  each  of  the  constituent  elements  which 
in  turn  are  obtained  by  application  of  a  set  of  selection 
rules41.  The  selections  rules  were  not  obtained  under  hot 
carrier  conditions,  and  so  it  is  unrealistic  to  suggest  that  these 
be  rigorously  applied.  Nevertheless,  consider  the  intervalley 
phonon  from  T(00)  -♦  X(100).  The  selection  rule  is  that  an  LO 
phonon  at  X  is  involved  when  Mjjj<My  (e.g.,  GaAs)  .  An  LA 
phonon  is  involved  when  Mjjj>Hy  (e.g.,  InAs) .  The  phonon 
frequency  for  the  ternary  is  taken  as: 

Intervalley  T-X  phonon  frequency 


fia;  -  x/iu>GaAs  +  (l-x)ftwInAs 

rx  rx 


(122) 


The  intervalley  phonon  from  T(000)  to  L(lll)  is  an  average  of 
LO  and  LA  at  L.  Again, 

ft'-TL  “  xfiwGaAs  +  (l-x)*wInAs  (123> 

TL  TL 
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For  the  intervalley  phonon  from  L(lll)  to  X(100),  an  average  of 
the  LA,  TO  and  LO  at  L  is  used.  Again, 

/t«LX  ~  x«wg ^  +  (l-x)A«InAs  (124) 

LX  LX 

From  X(100)  to  X(100),  from  L(lll)  to  L(lll)  for  equivalent 
intervalley  scattering,  a  linear  extrapolation  is  used.  Similarly 
for  the  nonpolar  intervalley  phonon  (LO+TO)  a  linear  extrapolation 
is  used.  The  other  remaining  quantities  of  interest  are  the 
deformation  coupling  coefficients  all  of  which  undergo 
extrapolation . 

Another  feature  of  importance  here  concerns  material  choice 
associated  with  nonparabolic  bands.  In  all  of  the  calculations  we 
have  assumed  a  parabolic  dispersion  relation,  namely 


A  simple  extension  to  nonparabolic  is  generally  given  as 

p  .  E2  A2 k2  (126) 

Eg  2m 

where  Eg  is  an  effective  energy  gap.  The  significance  of  this  is 
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FIGURE  71.  Drift  velocity  as  a  function  of  normalized  field,  X: 

(1)  InSb  at  290°K,  nonparabolic  calculation;  (2)  InAs 
at  300®K,  nonparabolic  calculation;  (3)  InSb  at 
290°K,  electron,  parabolic  band;  (4)  InAs  at  300*K, 
parabolic  band42. 


that  the  effective  mass  increases  with  Increasing  energy.  The 
consequences  of  this  is  that  negative  differential  conductivity  in 
the  absence  of  electron  transfer  can  occur.  On  the  basis  of  the 
above  expression  it  is  clear  that  nonparabolic  effects,  while 
important  for  GaAs,  will  be  even  more  pronounced  for  InAs.  The 
effects  of  nonparabolicity  on  the  polar  phonon  scattering  were 
discussed  at  a  very  early  stage  by  Matz43,  and  his  results  are 
shown  in  figure  71,  where  we  see  a  clear  contribution  to  NDR. 

A  general  discussion  of  NDR  due  to  nonparabolic  energy  bands 
was  presented  by  Harris  and  Ridley48  who  applied  their  results  to 
PbTe  at  77  K.  The  general  applicability  of  their  conclusions  are 
discussed  below.  Harris,  et  al4S  used  the  displaced  Maxwellian 
approximation,  and  examined  scattering  due  to  acoustic  and  polar 
optical  scattering.  The  results  of  their  study  are  summarized  in 
Figure  72.  The  symbols  in  their  paper  have  the  following 
significance.  W  is  the  ratio  of  the  low  field  acoustic  to  polar 
optical  mobilities: 


(127) 


when  W  -  «  scattering  is  purely  polar  optical,  when  W  -  0 
scattering  is  purely  acoustic.  When  W  -  1  there  is  a  mixture  of 
acoustic  and  polar  scattering.  The  bold  lines  signify  calculations 
with  nonparabolic  contributions.  The  dashed  lines  are  for  purely 
parabolic  bands.  The  nonparabolic  contributions  indicate  an 
avoidance  of  runaway. 
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FIGURE  72. 
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Field  dependent  variation  of  velocity  for  different 
combinations  of  acoustic  and  polar  optical  scattering. 
Dashed  line  denotes  parabolic  model,  solid  line  denotes 
nonparabolic  model43. 


-  103  - 


I 


% 

I1*' 

1 

*1 

8 

i 

«*■ 

% 

* 

‘I* 

k\ 

it 


rrfuwuvuuwuvuvuwu 


in 


Ilfl. 


’il  i.VkV 


Another  important  contribution  to  transport  is  the  alloy 
scattering.  Hauser,  et  al41  treated  a  completely  random  array  of 
allow  scatters  whose  scattering  rate  increased  with  increasing 
electron  energy.  The  results  indicate  a  decrease  in  peak  velocity 
and  in  the  magnitude  of  the  negative  differential  mobility. 

The  velocity  -  field  curves  of  a  variety  of  ternary  compounds 
were  shown  in  figures  66  through  69.  We  briefly  reconsider  AlGaAs. 
The  interesting  feature  of  this  material  is  that  for  pure  AlAs,  the 
lowest  portions  of  the  conduction  band  is  at  X  (see  figure  73)  Of 
particular  interest,  is  the  crossover,  as  reflected  in  figure  73. 
Figure  74  displays  a  normalized  conductivity  versus  aluminum 
concentration  where  it  is  seen  that  (1)  the  lowest  conductivities 
occur  for  highest  aluminum  concentration,  and  (2)  the  precipitous 
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At  FRACTION  X 

FIGURE  73.  Energy  band  gaps  (T.X,  and  L)  of  Ga1*xAlxAs  (at 

300°  K)  calculated  from  Eqs.  (6) -(8),  as  a  function 
of  Al  concentration  x.  Dashed  line  represents  the  L 
band45 . 
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FIGURE  74.  The  data  points  represents  normalized  conductivity  of 
Ga!.xAlxAs  vs  Al  concentration.  A  direct- to - 
indirect  bandgap  crossover  occurs  at  xc  -  0.45.  The 
solid  line  corresponds  to  a  three -band  (I*.  X,  and  L) 
calculating,  only  T  and  X  are  considered  in  the 
calculation  resulting  in  a  dashed  line.  The  dot-dash 
line  corresponds  to  xc  -  0.37,  as  explained  in  Ref.  45. 


drop  in  conductivity  occurs  near  the  crossover.  These  results  are 
also  reflected  in  the  field  dependent  velocity  relation  (figure  67) 


At  this  junction  we  reiterate  a  point  made  earlier  for 
parabolic  bands,  namely  that  central  valley  transport  appeared  to 
dominate  device  behavior.  In  figure  75a  the  calculated  field 
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FIGURE  75a.  Calculated  velocity- field  curve  for  Al0  25In0  7SAs 
values  along  the  curve  show  the  percentages  of 
electrons  in  the  upper  (111  and  100)  valleys47. 
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dependent  velocity  for  Al0  2SIn0.7SAs  is  shown  along 
with  the  percentage  of  carriers  in  the  subsidiary  valleys.  In 
Figure  75b  the  contribution  from  the  T-valley  velocity  relative 
to  the  total  velocity  is  shown.  It  is  seen  that  transport  is 
dominated  by  the  central  valley.  Note:  the  calculated  energy  gaps 
for  AlInAs  are  displayed  in  figure  75c.  There  is  a  discrepancy 
between  the  L-valley  AlAs  results  of  this  calculation  and  that  of 
figure  73.  The  calculations  for  gallium  indium  arsenide  show  a 
similar  behavior,  as  displayed  in  Fig.  76. 
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FIGURE  75b.  Comparison  of  velocity- field  curves  for  A101  2SIn0  7SAs 
use  g  central  valley  only  and  using  all  valleys47. 
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FIGURE  76.  As  in  figure  75b,  but  for  Ga0  4In0  6As47. 


To  tie  the  varieties  of  field  dependent  transport  coefficients 
together,  several  figures  of  merit  have  been  proposed.  One,  put 
forth  by  Hauser,  classifies  materials  in  terms  of  the  peak  drift 
velocity  obtained  from  polar  phonon  scattering  including 
nonparabolic  effects.  This  was  estimated  by  Hauser,  et  al42  as 


Vp<  VMAX  -  pp  +  tan  (jjjf)]’ 


(128) 
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FIGURE  77.  Calculated  upper  limits  to  peak  velocity  from  equation 
(128) 4  2 . 
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The  results  of  the  above  expression  for  a  variety  of  different 
materials  are  summarized  in  Figure  77 ,  where  we  note  that  the 
highest  peak  drift  velocity  is  for  the  material  InSb. 


I* 


In  another  study  (Ferry43)  summarized  in  Figure  78  the  high 
field  saturated  drift  velocity  was  plotted  as  a  function  of 
8ftw/3irm*.  The  curve  in  figure  78  follows  the  relation: 


V  -  (8xw0/3inn*)2 


FIGURE  78.  Saturated  velocities  calculated  here  are  shown  as 
functions  of  the  parameter  relating  to  energy 
relaxation. 


BOUNDARY  CONDITIONS  TO  DEVICES 

We  close  this  lecture  series  with  a  more  detailed  discussion  of 
field  nonuniformities. 

While  most  of  the  previous  discussion  has  tended  to  focus  on 
the  importance  of  field  nonuniformities  for  realistically  assessing 
device  performance  only  a  small  fraction  of  the  discussion  was 
devoted  to  the  single  most  important  contribution  to  these  field 
nonuniformities  -  boundary  conditions.  Here  we  provide  a  brief 
review  of  its  influence  on  the  behavior  of  two- terminal  NDC 
devices.  Figure  79  displays  typical  boundary- dependent  data  from 
three  different  gallium  arsenide  two-terminal  devices.  The  lower 
portion  of  each  diagram  displays  current  versus  voltage 
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characteristics ,  while  the  upper  portion  shows  voltage  versus 
distance  at  one  bias  point.  Figure  79a  shows  measurements  for  a 
device  in  which  the  metal  contacts  are  far  removed  from  the  active 
region  of  the  device.  The  current* voltage  relation  is  relatively 
linear  until  a  point  where  current  oscillations  occur.  The  field 
profile  just  prior  to  the  oscillation  is  relatively  uniform  within 
the  active  region  of  the  device,  and  is  near  zero  at  the  ends  of 
the  active  region.  Figure  79b  represents  a  set  of  measurements  in 
which  the  metal  contact  abuts  the  active  region  of  the  device.  The 
current -voltage  characteristics  remain  linear  to  threshold  which 
again  is  manifested  by  a  current  oscillation.  Notably  different 
here  is  the  lower  average  field  prior  to  the  instability  and  the 
enhanced  voltage  drop  at  the  cathode.  Figure  79c  displays  results 
for  another  device  with  a  metal  contact  abutting  the  active 
region.  For  this  case  there  is  a  sublinear  current  voltage 
characteristic  and  no  instability.  The  probed  voltage  versus 
distance  shows  a  large  voltage  drop  at  the  vicinity  of  the  cathode. 

The  electrical  characteristics  associated  with  Figs.  79a 


FIGURE  79a.  Probed  voltage  versus  distance,  and  current  versus 
voltage  for  a  two- terminal  GaAs  device  with  low 
boundary  fields .  From  Ref .  48 . 
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through  c  have  been  described  as  representative  of  "ohmic 
contacts",  "slightly  blocking  contacts*  and  "strongly  blocking" 
contacts,  respectively.  One  of  the  earliest  models  employed  for 
explaining  these  results  assumed  a  "pinned"  value  of  cathode 
electric  field.  Other  models  in  which  the  cathode  conductivity  or 
doping  profile  was  varied  have  also  been  suggested  with  varying 
degrees  of  success.  The  "pinned"  cathode  field  model,  discussed 
below,  developed  partially  as  a  consequence  of  the  way  the 
equation's  current  instabilities  was  written.  Here  the  continuity 
equation  is  rewritten  in  one  dimension. 


J(t>  “  <*(nv  "  ^  + 


e3F 

3t 


(130) 


where  J(t)  is  the  total  current,  and  rewritten,  again  using 
Poisson's  equation,  as 


J(t)  -  qN0v  +  « |nv  -  ^ 


D32F  3FJ 
3x2  +  at  J 


(131) 


This  is  a  second  order  nonlinear  partial  differential  equation  on  E 
requiring  two  boundary  conditions  and  one  initial  condition. 

Solutions  to  equation  (131)  have  been  used  successfully  to 
simulate  device  results  similar  to  those  of  figure  79  for  gallium 
arsenide.  Qualitatively  similar  results  occur  for  solutions  with 
cathode  fields  F(-0,t)  falling  within  any  of  the  following  three 
groups : 

<  0  <  F(x— 0,t)  <  F^h,  Fjjj  <  F(x-0,  t)  <  4Fth»  F  (x— 0,t)  >  ^Fj^- 

Where  F^h  Is  the  threshold  field  for  negative  differential 
mobility.  The  simulations  with  pinned  fields  falling  in  either 
group  1,  2  or  3  yield  electrical  characteristics  similar  to  those 
of  figures  79a,  b  and  c,  respectively.  The  crucial  feature  of  this 
model  is  that  the  cathode  field  is  pinned,  necessitating  that  any 
instabilities  in  current  occur  at  a  critical  value  of  current 
density.  The  field  profiles  associated  with  cathode  fields  in  the 
range 

<  0  <  F(x-0,  t)  <  F’pjj,  and  F^h  ^  4F(x— 0,t)  <  4Fth 


are  sketched  in  figure  80.  For  reference,  a  velocity  field  curve 
with  velocity  scaled  to  current  as  qN0v(F)-Jn(F) ,  and  with  a 
region  of  negative  differential  mobility  is  also  included.  Figure 
80  is  understood  as  follows:  The  second  column  of  each  section 
shows  the  electric  field  versus  distance  profiles.  F(x)  begins 
with  a  value  Fc  at  the  cathode  and  extends  downstream  to  a  value 
F^ .  By  current  continuity,  the  current  everywhere  within  the 
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device  is  given  by  J-q  N0v(Fb).  For  J  <  first  row, 

a  region  of  charge  depletion  forms  near  the  cathode  for  Fc  below 
and  within  the  region  of  negative  differential  mobility  (NDM) . 
Increasing  the  current  until  J  -  Jn  (Fc) ,  second  row,  introduces 
charge  neutrality  everywhere  for  Fc  <  F^.  However,  because  F 
is  a  double  valued  function  of  V,  for  Fc  within  the  NDM  region; 
approximate  charge  neutrality  exists  near  the  cathode  for 
J  ~  Jn(Fc) ,  and  for  regions  sufficiently  far  downstream  from 
the  cathode.  Charge  neutrality  breaks  down  between  these  two 
regions.  Finally,  for  J  >  Jn  (Fc)  ,  third  row,  an  accumulation 
layer  forms  near  the  cathode.  For  figure  80a,  the  accumulation 
layer  is  stable  until  the  bulk  field  exceeds  F*]^.  For  Fig.  80b, 


FIGURE  80.  Boundary  and  bias  dependent  field  profiles  for 

materials  with  a  region  of  negative  differential 
mobility48 . 

the  accumulation  layer,  followed  downstream  by  the  depletion  layer 
is  often  unstable  and  leads  to  cathode  originated  instabilities. 

The  situation  corresponding  to  Fig.  79c  is  often  represented  by 
very  high  cathode  fields.  The  field  profiles  are  those  appropriate 
to  a  wide  region  of  charge  depletion  near  the  cathode.  The  field 
profiles  are  stable. 

The  pinning  of  the  cathode  field  is  not  necessarily  common, 
however,  to  all  semiconductor  devices.  For  example,  while  it  was 
also  applied  to  InP  devices,  where  it  worked  for  a  significant 
number  of  cases,  a  broad  class  of  InP  device  behavior  could  not  be 
accounted  for  through  it's  use13'41.  The  latter  showed  anonymously 
high  efficiency  and  low  dc  current  levels.  Spontaneous  Gunn  type 
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oscillations  did  not  occur.  Rather,  device  operation  required  a 
tuned  circuit.  InP  device  operation  was  also  thought  to  depend 
critically  on  the  cathode  boundary  condition,  and  the  experiments 
were  explained  through  a  fixed  cathode  conduction  condition. 

The  distinction  between  "pinned"  cathode  field  and  "pinned"  cathode 
conduction  current  is  placed  in  perspective  in  figure  81  and  in  the 
following  equation 

«dFc  (132) 

J(t)  -  JC(FC)  +  -rr~ 


ELECTRIC  HELD  (E) 


FIGURE  81.  Cathode  current  density,  from  Equation  (133). 

Equation  132  is  the  equation  for  total  current  through  the  boundary 
to  the  device.  JC(FC)  represents  the  current- field  relation  at 
the  cathode,  also  referred  to  as  a  control  characteristic  which  may 
be  expected  to  differ  from  that  of  the  semiconductor  device.  Two 
such  types  of  curves  are  represented  by  curve  A  and  curve  B  of 
figure  88.  Curve  A  is  closely  related  to  the  pinned  cathode  field 
model  while  curve  B  is  associated  with  the  pinned  cathode  current 
model.  The  similarity  in  "form"  of  curves  A  and  B  to, 
respectively,  moderate  barrier  height  tunneling  and  thermionic 
emission  dominated  contacts  is  deliberate,  and  the  equation  used  to 
arrive  at  these  curves  is  shown  below. 


JC(FC)  “  “Jr  (exp(-qFcLc/nkT]  -exp[-(l/n  -1) (qFcLc/kT]) 


(133) 


which  was  adapted  from  studies  on  the  unalloyed  metal/semiconductor 
contact50.  It's  use  here  presumes  a  similar  description.  For 
the  unalloyed  contact  "n"  is  the  ideality  factor  and  describes  the 
contact  as  dominated  by  thermionic  emission  (n>l)  or  by  tunneling 
(n»l) .  Jp  is  the  reverse  current  flux  and  may  be  related  to  the 
barrier  height  phenomenologically  through  the  Richardson  equation. 

Detecting  a  particular  contact  effect  on  a  device  is  a 
difficult  procedure.  For  long  devices  current  voltage 
characteristics  as  represented  by  figure  79  are  often  signatures  of 
a  contact  classification.  For  short  devices  proximity  effects 
introduce  an  additional  complication  and  current-voltage 
measurements  are  less  valuable.  One  type  of  measurement  which  may 
serve  to  provide  information  about  the  boundary  is  a  noise 
measurement . 

Here  the  situation  to  envision  is  that  if  the  field  is  pinned 
within  the  negative  differential  mobility  region,  increasing  the 
bias  will  result  in  an  amplification  and  the  noise  will  increase. 

If  an  increasing  the  bias  results  in  carrier  injection  into  the 
device,  the  field  at  the  cathode  is  likely  to  decrease  and  the 
noise  is  expected  to  decrease,  tfhile  these  results  should  be 
folded  in  with  the  field  dependence  of  velocity  and  diffusion,  a 
simple  analytical  noise  calculation  assuming  a  three  piece 
approximation  to  represent  GaAs  has  been  performed. 

In  this  calculation,  the  "impedence  field  method"51  is 
applied  to  calculating  noise  due  to  thermal  velocity  fluctuations 
amplified  within  the  device.  The  mean  squared  noise  voltage  per 
unit  band  width  is  computed, 

5VN2  f.  ,  (134) 

-  4q2  |  VZ | 2  ND  d(vol)  , 

vol 


where  VZ  is  the  impedence  field  vector.  The  calculation  was 
performed  for  a  ten-micron  long  element  with  a  doping  of 
10is/cm3.  The  element  sustains  the  field  profile  with  a 
cathode  depletion  where  it  is  seen  that  the  NDM  region  increases 
with  increasing  bias.  The  calculations,  which  are  discussed  in 
detail  elsewhere,  [Ref.  29]  are  expressed  in  terms  of  the  noise 
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figure  51  where  R  is  Che  real  part  of  Che  device  impedence.  The 
resulcs  of  Che  calculaCion  are  displayed  in  figure  82  where  Che 
noise  figure  is  sketched  as  a  function  of  bias  current  and  transit 
angle .  The 


FIGURE  82.  Noise  figure  versus  transit  angle  and  current. 


results  appear  as  a  signature  of  the  effects  of  the  cathode 
boundary.  First,  at  low  values  of  transit  angle  d  -  «T(A) , 
where  T(A)  is  the  transit  time  across  the  negative  differential 
mobility  region,  the  noise  figure  increases  with  increasing  bias. 
This  corresponds  to  an  increase  in  the  length  of  the  negative 
differential  mobility  region  and  enhances  amplification  of  any 
fluctuation  originating  there.  More  interesting  structure  is 
present  at  higher  frequencies  and  higher  bias  where  the  noise 
figure  increases  and  then  shows  a  singularity.  On  the  other  side 
of  the  singularity  there  is  a  "U" -shaped  region  ending  again  at  a 
singularity.  The  strong  increase  in  noise  figure  represents  the 
approach  of  |R|  -»  0.  Here  at  low  frequencies  the  real  part  of 
the  impedence  is  positive,  and  becomes  negative  at  frequencies 
somewhere  between  w  <  d  <  uT.  In  going  from  positive  to 
negative  values  it  passes  through  zero,  hence  the  singularity.  The 
frequency  range  for  small  signal  negative  resistance  increases  with 
increasing  bias,  reflecting  the  broadening  of  the  negative 
differential  mobility  regions  -  a  broad  ”U" -shaped  region 
appears.  Both  the  increasing  noise  figure  at  low  frequencies,  and 
the  "U" -shaped  region  at  high  frequencies  are  characteristics  of  an 
increasing  depletion  layer  width.  Note  that  increasing  the  bias 
still  further  will  result  in  an  electrical  instability. 


The  discussion  of  the  above  sections  dealt  with  devices  whose 
lengths  were  typically  10pm- long  or  longer  and  the  analysis  was 
through  the  drift  and  diffusion  equation.  For  near  and  submicron 
length  devices  the  Boltzmann  transport  equation  is  required.  A  set 
of  one  dimensional  steady  state  calculations  are  displayed  below, 
using  the  moment  equations  discussed  earlier.  The  boundary 
conditions  for  this  problem  are  stated  below14 


fx  log  Nl  “  -A 
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The  boundary  condition  represented  by  Eq.  (136)  dictates  the 
slope  of  the  T  valley  carrier  density  downstream  from  the 
cathode.  Thus  for  "A"  positive  (negative)  local  charge 
accumulation  (depletion)  occurs  at  the  cathode  boundary.  The 
carrier  velocity  within  the  interior  of  the  device  is  governed  by 
the  assigned  scattering  rates.  The  velocity  of  the  entering 
carriers  will,  in  general,  differ  from  that  within  the  bulk.  The 
assigned  entrance  velocity  is  governed  by  Eq.  (137).  The 
temperature  of  the  entering  carriers  is  assigned  a  constant  value, 
represented  by  Eq.  (138).  "B"  is  generally  greater  than,  or  equal 

to  300  K  and  is  a  measure  of  the  mean  thermal  energy  of  the  central 
valley  carriers.  As  in  the  discussion  of  Fig.  80,  the  results  are 
placed  into  three  categories,  "ohmic",  "slightly"  and  "strongly" 
blocking  contacts.  The  "ohmic"  results  are  shown  in  Fig.  83,  for  a 
2.0/im-long  structure  with  a  doping  of  5xlOl5/cra3. 
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For  "ohmic"  boundaries  an  appropriate  set  of  constants  are: 
A-O.2,/ic-12,000cm2/vsec,  and  Tt  -  300°K.  For  this  case 
carriers  enter  the  device  with  speeds  greater  than  that  associated 
with  the  central  valley  mobility.  Additionally  there  is  an 
accumulation  of  carriers  at  the  boundaries,  resulting  in  low  values 
of  cathode  field.  The  field  starts  off  at  nearly  lkv/cm  and 
approximately  2500  A  must  be  traversed  before  significant  transfer 
occurs.  Increased  transfer  results  in  a  lowering  of  the  mean 
carrier  velocity,  necessitating  an  increase  in  mobile  charge  as  the 


mode  is  approached.  The  average  velocity  across  this  device 
obtained  from  the  relation 


<v> 


J 


qN0 


is  <v>-1.78xlOT  cm/sec,  with  No-5xl015/cms . 


FIGURE  83.  Distribution  of  field  and  carriers  for  ohmic 
boundaries,  with  an  applied  bias  of  2  volts. 
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Lowering  the  cathode  mobility  to  a  value  below  that  associated 
with  the  T-valley  results  in  a  more  rapid  dispersal  of  carriers, 
and  cathode  adjacent  charge  depletion,  associated  with  slightly 
blocking  contacts,  occurs.  This  is  seen  in  figure  84  for  A— 0.11, 
pc-6000  cm2/Vsec,  and  T-300*K.  It  is  noticed  that  the 
cathode  field  for  this  case  is  approximately  4kv/cm,  which  is 
higher  than  that  associated  with  the  "ohmic"  contact  condition  of 
Fig.  83.  There  are,  however,  important  similarities  between 
figures  83  and  84.  In  both  cases  the  carriers  adjacent  to  the 
cathode  are,  for  all  practical  cases,  T-valley  electrons.  Very 
little  transfer,  which  is  determined  by  carrier  energy 
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FIGURE  84.  As  in  Fig.  83,  but  for  a  partially  depleted  cathode 
boundary.  (From  14 j 
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( temperature)  has  occurred.  In  addition,  sufficiently  downstream 
from  the  cathode  the  carriers  appear  to  be  ignoring  the  cathode 
condition  and  are  dominated  by  the  downstream  voltage  drop,  whose 
spatial  distribution  is  about  the  same  for  both.  The  average 
velocity  for  this  case  is  <V>-1.75xl07  cm/sec,  slightly  below 
that  of  figure  83. 

A  significant  change  occurs  when  the  mean  energy  of  the 
T- valley  entering  carriers  is  elevated.  For  the  parameters  of 
figure  84,  but  with  Tj— 1200  k,  a  substantial  amount  of  transfer 
occurs  at  the  cathode,  resulting  in  a  lowering  of  the  current 
through  the  device.  The  cathode  is  approximately  7kv/cm,  higher 
than  that  associated  with  figure  84,  and  the  downstream  field  is 
lower  (see  figure  85).  The  average  velocity  of  the  carriers  in 
this  case  is  lowered  to  1 . 28xl07cm/sec ,  even  though  the  central 
valley  carriers  are  traveling  at  higher  speeds. 


FIGURE  85.  As  in  Fig.  84  but  with  an  elevated  cathode  electron 
temperature.  From  (14) 
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The  presence  of  moderately  high  cathode  fields  is  attractive  if 
a  sufficient  number  of  carriers  can  be  retained  in  the  central 
valley  where  they  can  sustain  high  transit  velocities.  Uhile  this 
case  is  discussed  in  more  detail  below,  the  simple  ruse  of 
injecting  excess  carriers  into  a  device  with  the  contact  conditions 
of  figure  85  does  not  always  yield  the  sought  after  current 
levels.  This  is  illustrated  in  figure  86,  where  now  A-0.2.  Here, 
the  excess  charge  serves  to  lower  the  cathode  field,  which  does  not 
change  the  downstream  characteristics  in  any  significant  way.  The 
average  velocity  for  this  case  is  virtually  unchanged  when  compared 
to  figure  85.  In  this  case  v^y-1. 30xl07/sec. 
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FIGURE  86.  As  in  Fig.  85,  but  for  injecting  boundaries 
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The  situation  of  a  strongly  blocking  contact  is  illustrated  in 
figure  87  for  A-9.0,  fic  -  1000  cm/Vsec,  and  T-3000  K.  For 
this  case  virtually  all  carriers  are  swept  away  from  the  cathode, 
with  the  satellite  valley  carriers  accounting  for  most  of  the 
transport  in  the  transition  region.  The  cathode  field  is  extremely 
high,  approaching  60kv/cm.  The  average  velocity  is  approximately 
zero. 
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FIGURE  87.  As  in  Fig.  86,  but  for  a  strongly  blocking  contact. 

(From  14] 

In  addition  to  determining  the  distribution  of  carriers,  etc, 
boundaries  through  their  influence  on  the  field  distribution,  also 
affect  current  transients.  This  was  shown  for  an  accumulation 
boundary  in  Fig.  20.  It  is  shown  for  a  depleted  boundary  below, 
where  a  calculation  was  performed  for  a  five -micron  element  with  a 
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high  cathode  temperature,  T,-1200.  The  transient  results  which 
are  displayed  in  figure  88,  and  are  expressed  in  terras  of  a  mean 
velocity.  The  detailed  field  profiles  are  shown  in  figures  88  and 
89.  Ue  note,  approximate  saturation  in  current,  as  displayed  in 
Fig.  88.  A  significant  voltage  drop  in  the  vicinity  of  the 
cathode,  as  displayed  in  Figs.  89a  and  90a.  Note  that  as  the 


FIGURE  88.  Transient  current  versus  time  for  the  indicated  voltage 
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FIGURE  89a.  For  a  bias  of  1.5v,  steady  state  distribution  of: 
field. 
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FIGURE  89d,  e.  For  a  bias  of  1.5v,  steady  state  distribution  of: 

(d)  T  valley  temperature,  (e)  T  valley  velocity. 
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FIGURE  90d,  e.  As  in  Fig.  89  but  for  a  bias  of  2  volts. 

voltage  increases  a  region  of  local  charge  neutrality  is  forming  at 
the  cathode.  Insofar  as  the  T  valley  carriers  are  significantly 
depleted,  the  cathode  region  is  rich  in  satellite  valley  carriers. 
But  the  distribution  of  velocity,  as  displayed  in  Figs.  89e  and 
90e ,  indicate  again  that  most  of  the  current  is  carried  by  the  r 
valley  carriers.  What  is  clear  from  these  figures  is  the  apparent 
migration  of  the  depletion  layer  toward  the  anode  boundary,  a 
situation  similar  to  that  obtained  from  the  drift  and  diffusion 
equations . 


ALTERNATIVE  SOURCES  OF  FIELD  NONUNIFORMITIES 

All  of  the  above  calculations  have  tended  to  focus  on  the  role 
of  the  cathode  on  device  performance.  Several  calculations  shown 
below  illustrate  the  influence  of  selective  reductions  of  "notches" 


in  doping.  One  calculation  is  for  a  2/ira-long  device  with  an  8000 
A  notch  at  the  anode  boundary  (figure  91).  The  second  was  for  a 
device  with  a  narrow  notch  (figure  92).  In  both  cases  the  electric 
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FIGURE  91.  Long  8000QA  notch  anode,  -  lv. 


FIGURE  92.  Narrow  4000°A  notch  is  near  anode  ^  -  l  v. 


field  showed  an  excess  voltage  over  the  notch  along  with 
significant  transfer.  The  current  level  was  higher  for  the  narrow 
notch  device  and  again  nost  of  the  current  level  was  carried  by  the 
T-valley  carriers. 

The  situation  when  a  section  of  periodic  notches  is  introduced 
is  shown  in  figures  93  through  95.  In  figure  93,  the  device  is 
2/im-long  with  an  applied  bias  of  l.Ov.  Two  notches  were  used 


FIGURE  93.  Double  notch  2/ira-long  device.  ♦  -  1  v. 


here.  Comparing  the  results  of  Fig.  93  with  that  of  9U,  it  is  seen 
that  the  r  valley  velocity  is  higher  in  the  former  case,  as  is 


che  current  level.  Figures  94  and  95  are  for  3  and  4  notches 
within  a  one-micron  long  device.  Each  with  an  applied  bias  of 
.  8v.  In  each  case  as  the  number  of  notches  increases,  the 
modulation  of  carrier  density  decreases,  although  not  the  field, 
indicated  in  Fig.  95b. 


FIGURE  94.  Repeated  overshoot  ,  (a)  carrier  density  and  doping 
profile,  (b)  gamma  valley  carrier  velocity.  <F>  -  8Kv/cm. 
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SUMMARY 

The  expecimenCal  situation  is  such  that,  with  the  exception  of 
long  compound  semiconductor  devices,  there  is  very  little  data  on 
Che  role  of  boundaries  and  contacts  to  submicron  devices.  The 
reason  for  the  paucity  of  data  lies  in  the  fact  that  most  submicron 
devices  are  three  terminal  devices  designs  and  the  third  terminal 
tends  to  mask  the  role  of  the  contact  boundaries.  This  is 
unfortunate  in  that  it  is  likely  that  two  terminal  device 
measurements  will  indicate  what  can  be  achieved  in  controlling  the 
entrance  dynamics  of  the  carriers.  To  date,  most  two  terminal 
device  measurements  on  simple  device  structures  have  concentrated 
on  the  role  of  transport  within  the  device,  and  raise  the  question 
of  whether  "ballistic"  motion  is  possible.  Based  on  the  history  of 
vacuum  tube  dynamics  it  should  be  recalled  that,  if  transport  is 
ballistic,  the  electrical  characteristics  will  be  controlled  by  the 
contacts . 

The  situation  in  submicron  devices  is  further  complicated  by 
communication  between  the  up-  and  downstream  contacts.  Thus  is  may 
be  expected  that  the  influence  of  a  blocking  contact  on  the 
electrical  characteristics  of  long  and  submicron  devices  will  be 
different.  For  submicron  devices  simple  current  voltage 
measurements  may  be  rendered  useless  as  a  diagnostic  tool.  This  is 
certainly  not  the  case  in  long  devices. 

The  role  of  numerical  simulations  in  these  boundary  and  device 
studies  has  been  to  act  as  surrogates  for  measurements  that  are  not 
feasible.  In  one  case,  obtaining  cathode  boundary  fields  from 
measurements  was  not  possible.  Thus  for  long  devices  the 
sensitivity  of  the  numerical  results  to  numerical  changes  in  the 
boundary  conditions,  when  coupled  to  experiments,  provided  the  key 
to  the  role  of  contacts  on  device  behavior.  For  submicron  devices, 
the  difficulties  of  direct  correlation  of  experiment  with  specific 
transport  phenomena  are  apparent  and  simulation  through  parametric 
studies  will  provide  a  key  to  the  role  of  boundaries.  But  the 
description  of  transport  on  a  subraicron  scale  is  still  inadequate 
and  the  descriptive  role  of  boundaries  is  correspondingly  weak. 

For  example,  most  space  charge  dependent  problems  still  treat  the 
background  as  a  "jellium"  distribution.  The  discrete  nature  of 
impurities  is  ignored,  as  are  structural  variations  in  the 
contacts.  The  extent  to  which  this  affects  such  measurements  as 
current-versus-voltage  is  yet  to  be  determined.  Notwithstanding 
these  uncertainties,  a  considerable  amount  of  information  can  be 
obtained  by  extrapolation  from  the  ideal  cases  which  can  provide 
bounds  on  the  limits  of  transport  through  both  the  boundary  and 
active  region  of  the  device. 
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